Since the founding of the People's Republic of China 70 years ago, the subject of atmospheric physics and atmospheric environment has developed rapidly in China, providing important support for the development of atmospheric science and guarantee for the development of national economy. In this paper, the general advancement of atmospheric physics and atmospheric environment in last 70 years was described. The main research progress of atmospheric physics and atmospheric environment in the past 40 years of reform and opening-up was reviewed, the outstanding research achievements since the 21st century were summarized, the major problems and challenges are pointed out, and the key directions and suggestions for future development are put forward.
Introduction
Atmospheric physics and atmospheric environment is an important branch of atmospheric sciences. It explains the atmospheric phenomena using physical and chemical principles, and understands the atmospheric processes and establishes the quantitative laws based on experimental and observational methods. It provides theoretical and practical guidance for understanding the laws of atmospheric changes, utilizing the atmospheric resources, and changing some atmospheric characteristics in order to adapt to the socioeconomic activities and sustainable development.
Atmospheric physics and atmospheric environment contains boundary layer physics, cloud and precipitation physics, atmospheric radiation, atmospheric acoustics, atmospheric optics, atmospheric electricity, atmospheric sounding, atmospheric remote sensing, radar meteorology, satellite meteorology, stratospheric and mesospheric atmospheric physics, atmospheric environment and atmospheric chemistry etc. It focuses on the atmospheric physical processes such as turbulent motion, cloud and precipitation formation, radiative transfer and acoustic photoelectricity. In addition, it develops the basic theories and applied technologies for atmospheric sounding and remote sensing, and explores the physical and chemical characteristics, formation and transformation mechanisms as well as the interactions with human activities, climate and ecosystems for atmospheric composition.
This paper aims to introduce the development history of atmospheric physics and atmospheric environment in China over the last 70 years, to illustrate the main research progresses since the reform and opening-up of China, and to highlight the research achievements since the 21th century. This paper will also point out the main challenges and research interests for the development of atmospheric physics and atmospheric environment in the future.
Atmospheric physics and atmospheric environment in the last 70 years
Modern atmospheric physics in China started from the 1930's, with the active promotion of several modern meteorologists such as Kezhen Zhu, Qisun Ye, Youxun Wu and Jici Yan. Several pioneers of atmospheric sciences like Jiuzhang Zhao, Zhenchao Gu, Duzheng Ye and Shiyan Tao made great contributions to the research progresses of this period . Since 1949, atmospheric physics in China developed rapidly. Several key disciplinary areas were initiated in China including cloud physics and artificial weather modification, atmospheric boundary layer physics, atmospheric radiation and remote sensing, atmospheric ozone and optics. Since the reform and opening-up of China, emissions from human activities exploded. To understand the relationship between at-mospheric environment and human activities, the research of atmospheric environment and atmospheric chemistry started. Meanwhile, the researches in atmospheric boundary layer and turbulence became active, and the researches in atmospheric sounding and application developed rapidly. Along with the rapid development of satellite and aerospace technologies, another new research area which called atmospheric radiation and remote sensing developed rapidly and modern atmospheric sounding and remote sensing physics formed. After the 21th century, with the focus on global warming, some issues such as the greenhouse effects of carbon dioxide (CO 2 ), the environmental and climatic effects of stratospheric ozone, and the radiative forcing and climatic effects of aerosols became the research hotspots of atmospheric sciences. Furthermore, the serious air pollution in China promoted the frontier researches in atmospheric composition and trends, atmospheric chemistry, aerosol optical characteristics and radiative forcing, and aerosol-cloud-radiation interactions. This section will discuss the development of atmospheric physics and atmospheric environment from three parts-atmospheric physics, atmospheric environment and atmospheric chemistry, and atmospheric sounding and remote sensing.
Atmospheric physics
Atmospheric boundary layer (ABL) physics is an important branch of atmospheric physics. Since the 1990s, scientists in China have follow closely with the frontiers of global ABL research to study atmospheric turbulence, surface similarity relations, energy exchange between surface-atmosphere, field microclimate, the ABL structure, and the ABL numerical simulations. In particular, air pollution and the demand for new energy have significantly promoted the explorations and numerical simulations of the ABL in China, e.g., the experiments on the evaporation from the water surface of the Guanting Reservoir, field microclimates, atmospheric turbulent diffusion conducted for nuclear energy and chemical industry projects, and comprehensive experimental studies focusing on the atmospheric boundary layer conducted in regions with various land surface conditions and different distinct, including the northwestern arid regions and semiarid regions, the north-western desert region, the northern transition zone between cropping area and nomadic area, the northern grassland regions, the Tibet Plateau, the eastern coastal region, the South China Sea, and cities and city clusters area. The Chinese Academy of Sciences, universities and China Meteorological Agencies have developed and applied exploratory instruments for the atmospheric boundary layer, including ultrasonic anemometer and thermometer, low-altitude radiosondes, platinum resistance thermometer, Bowen ratio systems, tethered balloons, acoustic radar systems, LIDAR, wind profile radar systems, etc. The atmospheric boundary layer observation stations have been setup and in operation, including the 325 m meteorological observation tower in Beijing, 255 m tower in Tianjin, and 356 m in Shenzhen, the China Fluxnet, the Tibet Plateau land-surface observation network, the wind resource observation network, etc. Additionally, it has also been made in theoretical research on atmospheric turbulence and the atmospheric boundary layer, including turbulent stress models, dynamic models, turbulent diffusion models, clumpy structures in turbulent flow fields, nonlinear structure, the local similarity theory in unstable layers, parameterization of similarity relations in surface-layer, stable boundary layers, turbulent intermittency, slope structure of turbulent, etc. Moreover, a number of models and techniques with Chinese distinctions have been established, including land surface process (LSP) models, the large-eddy simulation techniques, footprint analysis techniques, mesoscale atmospheric boundary layer diffusion models, urban energy balance parametrization schemes, multi-layer urban canopy models, and multi-scale high-resolution urban boundary layer (UBL) models (Lv, 1999; Jiang et al., 2009 ). The present research focuses primarily on experimental and exploratory methods for the atmospheric boundary layer, turbulence theories, stable boundary layer processes, LSPs, the energy transport over complex surfaces, effects of physical processes in the ABL on the climatic environment, and interactions between physical processes and the climatic environment in the ABL.
Physics of cloud is another important part of atmospheric physics. To meet the needs of weather modification, China started the research of cloud physics in 1958. Scientists developed instruments to observe clouds on Mountain Hengshan, Taishan, and Lushan and found vertical velocity fluctuations, cloud microphysics fluctuations, bimodal distribution and super-adiabatic water content in cloud (Xu, 1964; Mao and Gu, 1963) . They also analyzed the chemical composition of cloud water (Ding et al., 1991) . In addition to observations, Gu (1962) theoretically derived the series of equations for cloud physics and laid the foundation for cloud physics research. Afterward, Chinese scientists revealed the effects of fluctuations in supersaturation, cloud droplet concentration, water content and vertical velocity, and convective structure on cloud droplet condensation, collision, and precipitation formation (Gu, 1962; Zhou, 1963) . Zhao and Ding (1963) theoretically explained the possibility of weather modification and gave quantitative results. With the advancement of aircraft detection equipment, radar, and satellite, research on cloud physics has also been vigorously developed; with the development of computer capabilities, the models related to cloud physics have evolved from onedimensional to two-dimensional and three-dimensional, and from warm cloud to cold cloud; their microphysical schemes have been developed from single to double and triple moments, and then to bin schemes. Several cloud-precipitation-related numerical models have been established (Mao and Zheng, 2006; .
Atmospheric radiation is another important aspect of atmospheric physics. Since 1980s, Chinese scientists developed various fundamental theories and techniques for atmospheric gas absorption, particle scattering, and radiative transfer simulations, providing various theoretical basis for atmospheric measurements and radiative transfer models. Since the 21st century, researches were extended to almost all aspects of atmospheric radiation field, including measurements of gas absorption spectra, models for gas absorption calculations, optical models for cloud and aerosol particles, various algorithms and systems for radiative transfer, and so on. With the development over 40 years, Chinese researchers have conducted lots of outstanding work on the radiation studies, but more efforts are needed for the measurements of gas absorption spectra, generalized and fast radiative transfer models for remote sensing, assimilation, and climate applications, and so on.
Atmospheric electricity, as an important direction of atmospheric physics, has been attached by Chinese scientists since the 1960s. Several key theoretical and applied studies on thundercloud electrification and lightning detection have been conducted. For instance, the electrification mechanism of the turbulent collision of cloud droplets was suggested, a theory for the fragmentation of charged water droplets in the critical electric field was presented, a new theoretical scheme for locating lightning based on a single station was built, and a sounding electric field detector was developed with aim to understand the electrification processes of thundercloud (Zhou and Qin, 1964; Gu, 1965; Yuan et al., 1965) . These works promoted the start of theoretical research and experimental technology of atmospheric electricity in China. By the 1980s, the study of atmospheric electricity entered a stage of rapid development in China. Electric field mill detecting the average atmospheric electric field on the surface and fast/slow antenna measuring electric field change produced by lightning were developed. The lightning location system containing three substations was introduced from USA. Using the detection data by this system as well as radar observation, the Chinese scientists (Liu et al., 1989 ) revealed that the thunderstorm over the Tibet Plateau tended to feature large-area and long-lasting lower positive charge region. The intracloud lightning was mainly contributed by this lower positive charge region and the negative charge region above it, showing unique charge structure different from those reported in other places. In 1976, the artificially triggered lightning experiment was first successfully carried out in China. Hereafter, this technology has been continuously developed, especially the current waveform of artificially triggered lightning directly measured at the bottom of the channel and high-speed optical image of lightning channel propagation were obtained (Liu, 1999; Wang et al., 2000) . In addition, two-and three-dimensional numerical models of thundercloud electrification and discharge were constructed (Yan et al., 1996a (Yan et al., , 1996b , serving the study on the function of inductive and non-inductive charging mechanisms. In the 21st century, with the rapid development of electronic technology, the refined 3-dimensional lightning detection technologies being able to map the structure of the lightning channels have been further improved, and the corresponding three-dimensional lightning location systems running on very high frequency and low frequency based on the time-ofarrival technique or interferometry techniques were developed and built. The studies based on the new technologies significantly deepen our knowledge on the lightning discharges processes, thunderstorm electrification and charge structures (Qie and Zhang, 2019) .
Atmospheric environment and atmospheric chemistry
The research of atmospheric environment and atmospheric chemistry in China is developing gradually along with the process of atmospheric pollution control. Since 1970s, the impact of human activities on atmospheric environment has gradually appeared, such as acid rain and photochemical smog. Atmospheric chemistry research causes the attention in China, and the observation of O 3 , greenhouse gases and chamber experiments were studied in the same time. Since the beginning of 21st century, the view is accepted by the scientific community that atmospheric chemistry is the core processes of modern earth system dynamics (Wuebbles et al., 2003; Ge, 2006) . Along with the characteristic of regional compound air pollution appeared in this time, atmospheric chemistry is booming, such as the development and application of monitoring instruments, field observation, laboratory simulation and model study, and gradually has important international influence. With the rapid economic development, large amount of pollutants has been discharged into atmosphere by various human activities, anthropogenic factors play the leading role during the process of the regional environment change. In the January of 2013, China experienced extremely severe and persistent haze pollution, atmospheric secondary fine particles and haze pollution began to get widely concerned Sun et al., 2014) . Chinese government released the Air Pollution Prevention and Control Action Plan in September 2013, which aimed to significantly reduce PM 2.5 concentrations in key areas across China. The concentration of PM 2.5 in 2017 will decrease by 15% (the Pearl River Delta) to 33% (Beijing) from the PM 2.5 levels in 2012, respectively. In currently, China is in the leading level in the world in the research hotspot of atmospheric radical chemistry, new particle formation and the mechanism of secondary aerosol formation.
Numerical model is an important method to study the at-mospheric environment and atmospheric chemistry. In the recent 40 years, the technology of atmospheric environmental numerical modelling developed rapidly in China, with the development of many self-developed air quality models. From the analytical model in the early 1980s to the present numerical model, from the single air pollution to the compound air pollution, from the single emission source to the multiple emission sources, from the processes of transportation and diffusion to the multiple processes of sedimentation, chemistry and biology, from the single atmospheric medium to the multiple atmosphere-soil-watervegetation medium, from the local scale to the global scale, most of the current atmospheric environment models have had the ability to describe multi-species, multi-source, multiprocess, multi-medium and multi-scale atmospheric processes. These self-developed models have been widely used in the studies of atmospheric pollution mechanisms, air quality forecasting, environmental management and policy, and assessment of environmental impacts. They have become one of the important methods to simulate the complex air pollution problems, and played an irreplaceable role in the air quality assurance of important national events, the total pollutant control and the inter-regional prevention and control of air pollution in key areas.
With the key atmospheric environmental problems changing from the traditional coal-smoke pollution to the regional complex air pollution, the atmospheric environmental management in China experienced four stages: 'Emission Concentration Control', 'SO 2 Emission Control in 'Two Control Zones '', 'Total Emission Control' and 'Environmental Quality Control'. In 1972 , the Chinese government participated in the first United Nations Meeting on Human and Environment, which marked the beginning of atmospheric environmental protection in China. After then, China began to strengthen the legislation of atmospheric environment and the establishment of environmental standards. In 1973, China held the first National Conference on Environmental Protection and issued 'Several Provisions on the Environmental Protection and Improvement'. This document constituted the basic laws and regulations in the early stage of environmental protection. Henceforth, after nearly 40 years of development, China has developed an atmospheric environmental standard system consisting of the environmental air quality standards, the atmospheric pollutant emission standards, the assessment method standards and the sampling standards. This system plays an important role in the management of atmospheric environment.
With the increasing attention to atmospheric environment problems, researches on the impacts of air pollutants on climate, ecosystem and health also developed rapidly. While air pollutants and long-lived greenhouse gases (such as CO 2 , N 2 O, and CH 4 ), influence weather and climate by their radiative forcing, changes in weather and climate, in turn, in-fluence the distributions and concentrations of air pollutants. Studies on the impacts of atmospheric pollutants on the ecosystem in the 1980s focused on the of physiology and ecology of potted plant leaf. At the end of the last century, Chinese researchers started to explore the impacts of air pollution on crops and forests based on in-situ field observations. They identified the damage symptoms of plant leaf by different air pollutants, established the response-dose relationship for different air pollutants, and mapped the regional ecological risk for crops and forests in China. In early years, studies on the health effects of air pollutants were usually focused on investigation and evaluation of local air pollution caused by coal combustion from industries and households. For decades, researchers have conducted a series of studies in China, ranging from cross-sectional studies and ecological studies with a relatively simple design, to a bit more complicated time-series studies and case-crossover studies, and to more sophisticated panel studies and largescale cohort studies. Gradually, the study designs have become more standardized and systematic. The findings from this these studies provided important epidemiological evidence on the associations between ambient air pollution and population health hazards, as well as their characteristics and underlying mechanisms.
Atmospheric sounding and remote sensing
Atmospheric science is a subject with experimental studies, in which the development of atmospheric sounding is the motivation. Since the founding of the People's Republic of China, the meteorological observation system in China has been improved continually, and the self-independent development of new atmospheric sounding instruments has also made significant progress. The construction of comprehensive scientific observation and testing sites have been paid more and more attention.
In the field of operational meteorological observation system, there are very small number of meteorological stations in 1949, their distribution was uneven, and the instruments were simple and outdated. After the development of 70 years, a complete categories and reasonable layout of ground-based, space-based and air-based comprehensive meteorological observation system have been built in China. The observation and recording of conventional meteorological elements and various atmospheric phenomena were basically achieved by standardized ground-based stations. In addition, a number of new operational observation systems, including sand storm observation, atmospheric composition observation, marine meteorological observation, agrometeorological observation and aviation meteorological observation have also been established.
For the development of new technologies and methods for atmospheric sounding, a series of special scientific equip-ments, such as thermometer, electrically connected wind direction anemometer, telemetering rain gauge, 59-type mechanical sounding instrument (Chen and Yan, 1959) and ground-based continuous cloud drop spectrometer, cloud drop spectrometer had been successively developed successively from the First Five-Year Plan of China (Zhao et al., 1964; Huang et al., 1965) , which provided a series of important approaches for meteorological observation and the establishment of cloud and precipitation physics. The atmospheric remote sensing began since the mid-1960s, the successful development of multi-band solar photometer, ruby Lidar, microwave radiometer, and FY meteorological satellites had prompted the remote sensing of cloud, precipitation, aerosol, atmospheric temperature, humidity and wind profile . Since the beginning of 21st century, China's self-produced automatic weather station and electronic radiosonde system had been put into operation formally. The meteorological radar and meteorological satellite had entered the operational system. All the self-developed equipments have played important roles in the operational meteorological observation and the development of atmospheric science (Qie et al., 2008) .
In the field of comprehensive scientific observation and testing sites, China had gradually begun to actively organize or participate in the international large-scale scientific observation projects since the end of 1970s, such as the South China Sea Monsoon Experiment (SCSMEX), the atmospheric and ocean integrated observation test initiated and hosted by Chinese scientists for the first time in the late 1990s (Cao and Ding, 1999) . Subsequently, several stable integrated testing sites or observation platforms had been gradually established by various domestic meteorological research institutes, which provided strong support for the development of atmospheric physics and atmospheric environment. The achievements in atmospheric sounding had been widely used in many fields of atmospheric science, which provided abundant observational facts for the study of the occurrence and development of meteorological systems at various scales and the climate change. It played an important role in understanding the various physical and chemical processes in the atmosphere, establishing the quantitative links between them, and promoting the understanding of various branches in atmospheric science.
For the meteorological radar and radar meteorology, the 711 X-band weather radar was developed and manufactured in China in the late 1960s, the 713 C-band weather radar was developed independently and a national-wide network of 713 C-band weather radar was built officially in the 1970s. The 714 S-band weather radar with digital processing system was developed independently in the 1980s. And from then on, the development of meteorological radar and radar meteorology had accelerated significantly, and the development direction was diversity, Doppler weather radar, Dual-polarization Doppler weather radar, Cloud radar, Phased array weather radar and wind profiler radar had been independently developed by domestic institutions and applied to the meteorological operation. With the continuous development of meteorological radar, radar meteorology, including the theory of formation of radar echo, detection methods and technologies, and analysis and application of radar data, etc., was also developing rapidly. For example, Li (1962) analyzed the coherent scattering of clouds and rain in theory, and proposed a more general radar meteorological equation.
China's meteorological satellite industry began in 1969. The following year, China decided to develop polar orbiting meteorological satellites and proposed the first meteorological satellite mission. In July 1971, the predecessor of the National Satellite Meteorological Center was established. In 1977, the Shanghai Institute of Technical Physics of the Chinese Academy of Sciences developed a two-channel scanning radiometer prototype and carried out an aviation calibration flight test. As consider the complementary advantages of polar and geostationary orbits satellite, the idea of developing polar orbit and geostationary meteorological satellites simultaneously was put forward in the early stage of meteorological satellite development. The development of Fengyun satellite has experienced four stages. The first phase focuses on the research and development of satellite technology, focusing on solving the problem; The second stage focuses on the operational and stable operation of satellite, which breaks through the technical bottleneck of long-life and stable operation and begins to provide long-term and continuous operational observation data; and the third phase of focusing on the upgrading of satellites, China has gradually completed the upgrade of polar orbit and geostationary satellites, and opened a new chapter of geodetic observation of Fengyun satellite; the latest fourth phase focuses on remote sensing instruments Quantitative observation quality, especially in image navigation and positioning and radiation measurement calibration, continue to make new progress, comprehensive support for quantitative remote sensing and satellite data assimilation applications. At present, China has become one of the few countries in the world that has both polar and geostationary meteorological satellites. The operational observing capabilities of the Fengyun polar orbit and geostationary meteorological satellites have been recognized by the World Meteorological Organization and become an important part of the global space-based observing system (Yang, 2012) .
The main research progresses in atmospheric physics and atmospheric environment in the past 40 years

ABL physics
Since the reform and opening up, the international scientific research exchanges and cooperation have continuously strengthened, which leads to a rapid improvement in the level of research on ABL physics in China. A series of larger field experiments and international scientific research collaborations, including the Heihe Basin Field Experiment (HEIFE), the Inner Mongolia semi-arid grassland soil-vegetation-atmosphere interaction study (IMGRASS), and the Tibetan Plateau Atmospheric Scientific Experiment (TI-PEX), have been conducted. A flux network observation system has been established to study air pollution and new energy development issues closely related to the ABL experimental, theoretical, numerical simulation, and application results about the ABL has been achieved with Chinese distinctions.
Physical experimental research
Comprehensive experimental research with various land surface conditions on arid and semiarid regions in northwestern of China has been carried out, such as the HEIFE and the Land-atmosphere Interaction Experiment in Arid Region of Northwest China (NWC-ALIEX), the studies showed humidity inversions and negative gradient transfer in oases, the effect and interacting of oasis and desert, and the water "respiration" phenomenon in arid regions. The applicability of the similarity theory under complex land surface conditions, the double-peak structure of atmospheric turbulent frequency spectra, the characteristics of extremely thick ABLs over arid regions, and oasis-desert interactions are also examined (Hu and Gao, 1994; Zhang Q et al., 2009c; Wang J, 1999; Yang et al., 2002) . IMGRASS focused on investigating the land-atmosphere exchange over complex grassland surfaces in the semiarid region of Inner Mongolia and the structure of the ABL over this region as well as their relations with ecological evolution (Lv, 1999) . The Observational Experimental Study on Aridification and Ordered Human Activities examined the effects of human activities on LSPs, the characteristics of the ABL, the climatic and environment in farming-pastoral interlaced zones in northern China . The Observational and Simulation Study on Energy and Water Cycles in Oasis Systems analysed the interactions between oases and arid deserts in northwestern arid region of China (Bao and Lv, 2006) .
Studies on humid and semi-humid regions, such as the Huaihe River Basin Experiment (HUBEX), investigated the interactions between ABL and hydrological processes as well as the influencing mechanism. The Fundamental Study on Land Surface Flux Parameterization and ABL Processes revealed ABL processes and the microclimatological characteristics of the ground layer above non-uniform water and land surfaces in the Baiyang Lake region in northern China (Hu et al., 2006) .
Studies on land-air exchange and the ABL over the Tibetan Plateau region, such as TIPEX and the Global Energy and Water Cycle Experiment-Asian Monsoon Experiment on the Tibetan Plateau (GEWEX-GAME/Tibet), examined land-air exchange and the thermodynamics and dynamics of the ABL over the Tibetan Plateau under its unique terrain and atmospheric circulation conditions and their effects on China's climate and the East Asian monsoon. These studies determined the characteristics of the ABL in alpine environments and provided regional LSP parameters. Experimental results for the northern side of Mount Everest showed intense heat transfer on the Tibetan Plateau (Xu et al., 2001; Ma et al., 2006) .
In regard to the UBL and atmospheric environments, a series of comprehensive observation experiments on the ABL and atmospheric environments were conducted in the Beijing-Tianjin-Hebei Region, the Yangtze River Delta, and the Pearl River Delta. For example, the Beijing City atmospheric Pollution Observation Field Experimental (BECA-PEX) proposed an "air dome" concept model for pollution in Beijing City (Xu et al., 2004) . A meteorological observation study on the boundary layer over Nanjing determined the land surface microclimate in Nanjing and its urban heat island (UHI) characteristics ). An ABL concept model for the Pearl River Delta was established to analyse the effects of local circulations, such as land and sea winds, valley winds, and heat island circulations, on air quality in this region (Fan et al., 2006) . Observations made from the 325-and 255-m-tall meteorological towers in Beijing and Tianjin, respectively, showed that urbanization increased the zero-plane displacement and the dynamic roughness of the surface and gradually decreased the wind speed, demonstrated the presence of UHI and afternoon cold island effects, and revealed the gust and turbulent coherent structures in the ABL and the turbulent transport mechanism during sand and dust weather .
Studies on the ABL over the sea, such as the China Landfalling Typhoon Experiment (CLATEX), the Scientific Experiment on Sea-Land-Atmosphere Interactions in the Coastal Zone of South China, the Typhoon chasing experiment, determined the characteristics of turbulence at the seaatmosphere interface and the ABL structure under the action of typhoons (Liu C et al., 2012a) .
Through an experimental observational study on the Antarctic polar region, Li et al. (2010) achieved new understandings of ABL physics over the polar region, including the characteristics of radiation balance on various land surfaces as well as the ABL structure and its interactions with sea ice in this polar region. Additionally, they also designed a turbulent flux parameterization scheme suitable for Antarctica. Moreover, they used the multi-scale statistical theory of turbulence to explain the inverse heat gradient transfer phenomenon in Antarctic ice sheets. Zhang Q et al. (2009b) found and explained the cold island effect in oases in China's western arid region and validated a third-order closure scheme for turbulent motions in the ABL. Li et al. (2004) provided a turbulent energy equation, a turbulent dissipation rate parameterization scheme, and turbulent structures and transport characteristics over various land surfaces. Additionally, they also examined the flux-profile relations and aerodynamic and aerothermodynamic parameters in the ground layer above various land surfaces. Wang M et al. (2018) found that the formation of the deep ABL over China's northwestern arid region is related to the intense thermodynamic activity, relatively strong wind shear, and unique residual layer structure over this region. Hu et al. (2003) examined the urbanization-gust relation and noted that the increased urban canopy layer depth has no significant impact on the gust structure. Additionally, they also studied the self-organized coherent structure of turbulence, land surface energy closure phenomenon, vertical speed variance profile pattern in convective boundary layers, and temperature inversions under unstable conditions. Hu and Zhang (1996) provided a local similarity function for turbulent flow and noted that the ground layer above non-uniform land surfaces does not satisfy the constant flux layer assumptions, particularly the one where the turbulent flux of water vapor decreases with height. and Ge H X et al. (2018) studied the turbulent fluxes of matter based on the ABL theory and methods. They established methods for determining the turbulent fluxes of trace gases, such as fine-grained matter, sand-dust aerosols, and methane, and parameterized their transport.
Theoretical and methodological research
Numerical simulation research
Researchers have provided LSP parameterization schemes for arid regions, urban agglomerations, and the Tibet Plateau. A three-dimensional (3D) mesoscale numerical model has been developed for complex terrain. Land surface models, such as the Common Land Model (CoLM) and the Simple Biosphere Model 2 (SiB2), have been improved and applied to studying land-air fluxes in arid regions and the Huaihe River Basin. A parameterization scheme for the soil freezing process has been developed and coupled with the Chemistry-Climate Model (CCM) to study the effects of the soil freezing process on the Tibetan Plateau. The developed 3D mesoscale numerical model, LSP model, two-dimensional ABL coupled model, and one-dimensional land-air-coupled model can all effectively simulate the ABL evolution over oasis, desert, and Gobi surfaces as well as their interactions. The Regional Atmospheric Modelling System (RAMS) can simulate atmospheric motions in the ABL over the experimental region investigated in the HEIFE as well as the cold island effect in oases and humidity inversions in deserts. Soil-vegetation-atmosphere transfer (SVAT) models and ty-pical local LSP parameterization schemes have also been developed and validated. A parameterization scheme suitable for the grasslands in Inner Mongolia has been formulated. Lin et al. (2008) realized that the deficiency of an ABL parameterization scheme in describing the height of the ABL and dynamic and thermodynamic transport under various atmospheric circulation conditions will affect weather and air quality forecasting accuracy.
Physics of cloud and fog
Since the reform and opening, cloud physics research has achieved rapid development in China. The observational data and simulation capability used in the field of cloud physics have been well improved, due to the development of various detection methods such as aircraft, radar, satellite, and the continuous advancement of computer technology. Scientists have conducted in-depth researches on cloud microphysical characteristics, cloud-precipitation characteristics, cloud condensation nuclei, ice nuclei, cloud-aerosol indirect effects, lightning, cloud-climate feedbacks, and achieved a series of progress (Ma et al., 2007) . The advancement in the physics of cloud and fog over past decades can be summarized in Figure 1 .
Most of the observation studies in the early days, when new China was founded, can only be carried out on mountains. With the development of detection methods, aircraft, radar, and satellite have played important roles in promoting the research of cloud physics. In the early days after the reform and opening, domestic scholars obtained a series of important research results in cloud macrophysics and microphysics with mountain-based, ground-based and airborne observations (You and Liu, 1995; Niu et al., 1992) ; precipitation was estimated with relatively limited satellite data.
Based on the observation data, a systematic theory describing cloud physics was proposed, and the most probable spectral distribution was found to be Weibull distribution . With the further improvement of the resolution of observational data, the research on cloud physics was no longer concentrated on a single cloud or precipitation system but aimed at microphysical and optical properties in different types of precipitation cloud systems and at different stages of precipitation, including liquid water content, cloud effective radius, optical thickness, etc.
On the basis of the existing models, Chinese scholars have developed a variety of models, from the previous zero-dimensional to one-dimensional, two-dimensional and threedimensional, including more detailed microphysical processes and more reasonable dynamic framework for warm clouds, cold clouds, fog, aerosols, etc. (Hu, 1979; Hong, 1996; Shi et al., 1996) ; these models could better simulate the corresponding systems. In addition, some scholars were committed to developing schemes in the models to improve simulation results and to better study cloud physical problems (Zhao and Wang, 1994) . With the continuous improvement of computer capability, the models were mainly improved in two aspects. On the one hand, the wider simulation domain and longer simulation time made the research of cloud physics no longer limited to an independent system. The mesoscale models and the global models were widely used to improve the simulation ability of cloud effects on climate and global energy balance. On the other hand, higher resolution and computational efficiency was beneficial to cloud-resolving models, large-eddy simulations, and bin schemes. The more detailed representation of cloud microphysical processes made simulation closer to the observation. In addition, combining theory with observation and simulation was very important for exploring the basic problems in cloud physics.
Atmospheric radiation
Since the Reform and Opening in China, researchers have done a series of fundamental work on atmospheric radiation, e.g., the k-distribution method for fast calculations of gas molecular absorptions, radiative transfer methods, and scattering simulations for atmospheric particles.
Over a given spectrum, accurate calculations of the atmospheric transmittance with multiple absorbing gases have been a long-lasting problem for atmospheric radiation calculations, because a large amount of effective band-average transmittance has to be calculated efficiently for weather and climate models and remote sensing applications. Chinese scientists have made a great contribution by developing the k-distribution and correlated k-distribution method, which became effective approaches to solve the band-average transmittance under homogeneous or inhomogeneous atmospheres. Shi (1998) comprehensively discussed the kdistribution and correlated k-distribution method for the calculation of effective absorbing coefficients, e.g., the semianalytical and semi-numerical solutions for k-distribution functions. Zhang (1999) gave a simpler expression of the kdistribution under different pressure and temperature conditions by using the similarity between rearranged absorption coefficient curves and mixed broadened Voigt profiles at different pressures. The accuracy and efficiency of this method ensure its applications for atmospheric transmittance calculations in weather and climate models. Wei and Song (1995) introduced a band model with only one parameter to calculate atmospheric molecular absorption, which was used for the calculation of atmospheric transmittance in the infrared wavelengths. Wu et al. (1998) developed a Chinese version of the LOWTRAN 7, which greatly promoted its applications for Chinese scientists. Meanwhile, some experimental researches were performed to analyze the molecular absorption properties of greenhouse gases (e.g., CO 2 ) (Kong and Wang, 1990) , and they obtained some empirical parameters to calculate the total absorption of these gases and their variations.
The ray-tracing method based on geometric optics has been applied for scattering properties of non-spherical particles since late 1980s, and it is widely used to calculate the optical properties of non-spherical ice cloud particles. Yang et al. (1989) , Yang and Cai (1990) and Cai and Yang (1990) introduced the vector ray-tracing method and Stokes parameter transformation method for the calculation of scattering properties of non-spherical particles. These techniques became the fundamental models to understand and calculate the ice cloud radiative properties. For aerosol particles, Rao (1996) used a mixture of sea salt and smoke particles as an example, and investigated the applicability of equivalent refractive indices to represent optical properties of externally mixed aerosols. Meanwhile, because the scattering properties of cloud and precipitation particles are essential for meteorological radars, some numerical methods have also been developed to study the influence of typical non-spherical particles (e.g., spheroidal and conical globular particles) on the scattering and attenuation of polarized radar signal Wang and Ji, 1989) . The semi-analytic solutions for backward scattering cross section were obtained by these studies. Jin and Zeng (1992) , Huang and Jin (1997) studied the polarization properties of non-spherical particles as well.
For radiative transfer methods, Mao and Luan (1985) introduced an iterative approach to calculate atmospheric scattering phase function, in which the influence of multiple scattering is removed by analyzing the ratio of multiple to single scattering. Qiu (1986) developed an algorithm to improve first order scattering component based on the original phase function, and more accurate radiation intensities could be obtained with fewer Legendre expansion terms. Wang and Zhao (1989) analyzed the Legendre polynomial and Gauss integral formula for the expansion of scattering phase function and introduced a method to determine the expansion term by the particle scattering properties to better represent scattering phase function. The efficiency of the radiative transfer simulations is improved with fewer streams needed.
In the framework of the two-stream approximation, Zhao et al. (1987) divided the longwave spectra band into two broad spectral bands, and then proposed a longwave radiative transfer scheme for clear-sky atmosphere, which can be applied to radiation calculations in the general circulation models. Wu and Lv (1989) developed a backward tracking Monte Carlo radiation transfer model under sphericallylayered atmosphere conditions for the twilight remote sensing of volcanic aerosols.
Atmospheric electricity
Research on atmospheric electricity has developed rapidly in China since the reform and opening-up. The introduced lightning location system was applied in monitoring and early warning of strong convective weather and the monitoring of lightning-related forest fires, which promoted the development of lightning location technology in China. It was found that the unique charge structure of thunderstorm clouds in northern China has an important influence on lightning type and polarity by observing and analyzing the variation of lightning electric field at multiple stations. The lower positive charge region affects the waveform characteristics of electromagnetic radiation in cloud-to-ground (CG) flashes. There is a horizontal discharge process in cloud lasting for around 100 milliseconds before the leader processes of CG flashes, which occurs between the lower po-sitive charge region and its upper main negative charge region. In addition, the K-change of the discharge process in cloud originates from the negative charge region and propagates downward to the positive charge region (Shao and Liu, 1987; Qie et al., 1998) . The evolution of charge structures in the thunderstorms over China's inland plateau was revealed based on observation data from a very-high-frequency three-dimensional lightning detection system , Zhang Y et al. (2009) utilized a thundercloud electrification and discharge model to discuss the physical reasons for the formation of specific charge structures in thunderstorms. The numerical simulation results indicated that 90% of flashes occur between the lower positive charge region and the negative charge region above. Tan et al. (2006) improved a two-dimensional high-resolution bidirectional random discharge model to study the impacts of the evolution of lightning channels on the charge structure in thunderclouds. Artificially triggered lightning technology was further improved, with special rockets being developed and multiple, artificially triggered lightning experiments being successfully carried out in different areas in the north/ south of China. Generally, northern China (Gansu and Beijing) was found to be characterized by positive polarity artificially triggered lightning without return stroke; in contrast, the polarity of the most of artificially triggered lightning was predominantly negative with multiple return strokes in southern China (Nanchang, Shanghai and Guangdong). In addition, the propagation characteristics of the bidirectional leaders of altitude triggered lightning was revealed by using high-speed camera data (Liu, 1999) . Since 2006, artificially triggered lightning experiments have been conducted in Binzhou (Shandong Province) and Conghua (Guangzhou Province), and a batch of observation data on the electromagnetic fields and channel base currents of artificially triggered lightninghave been accumulated, which was used to reveal the mechanisms of different physical processes of lightning discharge .
Atmospheric chemistry
The research of photochemical smog in Lanzhou in the 1970s set an important precedent of comprehensive observation of atmospheric photochemistry in China. The first indoor smog chamber in China was built by Peking University according to this research. In the late 1970s, the monitoring and research on acid rain were started in China (Tang et al., 1982) . The acid rain problems were the key project of national science and technology research during the 7th Five Year Plan, 8th Five Year Plan, and 9th Five Year Plan. The results clarified the pollution character, sources, and influence factor of acid rain, which is crucial for plotting such areas as Acid rain and Sulphur dioxide pollution control in national map. Since 1985, the Institute of Atmospheric Physics, Chinese Academy of Sciences has carried out systematically field observation experiments on methane emission in the paddy field in China. A series of new rules have been formed, and the international estimates on total methane emission have been changed. The books, Atmospheric Chemistry and Emission of Methane from Rice Fields in China, were written during the period and had a profound influence on early development of atmospheric chemistry in China (Wang M, 1999) . "Atmospheric Ozone Change over China Region and Its Effects on Climate Environment" was an important project set by National Natural Science Foundation of China during the 8th Five Year Plan. The project, directed by Zhou Xiuji, was the first comprehensive research on tracing atmospheric ozone in China (Zhou and Li, 1997) .
Atmospheric environment
Atmospheric environment models
In the 1970s, Chinese scholars focused on the development and application of atmospheric diffusion models, and made significant progresses in the studies of local-scale atmospheric diffusion model and smoke cloud rise model. Chen (1981) studied the effects of environmental turbulence on the uplift of smoke cloud under the condition of neutral stratification, and found that atmospheric turbulence has a nonnegligible influence on the smoke cloud path even in the early stage of uplift. Li and Zhu (1987) found that although the impacts of atmospheric turbulence were insignificant at the early stage of the uplift of smoke cloud, its impacts increased with the decrease of the smoke uplift speed and finally resulted in obvious deviation from the 2/3 law for the actual path of smoke cloud. Based on the atmospheric diffusion K-theory, Xu et al. (1997) obtained the atmospheric diffusion PDF model, in which the statistics of wind speed are directly used as its parameters instead of traditional dispersion parameters. This PDF models could be applied in many atmospheric dispersion problems to replace the Gaussian model. Based on the second-order closure PBL model and random walk model, Yu and Jiang (1994) established a mesoscale simulation system for coastal smoke diffusion. Compared to the Gaussian smoke model, this model is more reasonable and can better predict the structure of thermal inner boundary layer and the smoke diffusion process in coastal areas.
In the late 1980s, Chinese researchers started to focus on the problem of acid rain. Numerous regional atmospheric acid deposition models were developed during this period. Lei et al. (1985) , Sheng and Mao (1987) , Yin and Li (1993) developed the Lagrangian acid rain models; Mao (1992) , Qin and Xiu (1992) , , Wang et al. (1996) and Gao et al. (1997) developed the Eulerian acid rain models. These models were applied in the studies of the sources, causes and cross-border transport of acid rain, and the evaluation, prediction and control of acid rain in Southwest China, South China, East China and East Asia.
Atmospheric pollution effects
Studies on the climate effects of aerosols started during 1980-2000. The measurements of aerosol optical properties (aerosol optical depth and single-scattering albedo) were carried out over North China, northeastern China, the Tibetan Plateau, deserts in northwestern China, and along the coasts of eastern China, which provided systematic understanding of optical properties and radiative forcing of aerosols in different regions of China. In the meantime, regional and global climate models started to consider the role of sulfate aerosol in climate.
Since the reform and opening up, the demand for energy has been constantly increasing due to the rapid development of China's economy. Coal is the main energy type, and most raw coal and high-sulfur coal were directly used, which resulted in a large amount of atmospheric pollutants such as SO 2 and NO x emissions, and at the same time made acid rain more and more serious. In the 1980s, acid rain mainly distributed in Southwest China; by the mid-1990s, acid rain had spread to the south of the Yangtze River, the east of the Qinghai-Tibet Plateau and the Sichuan Basin; at the beginning of the 21st century, acid rain had occurred over nearly 30% of the land area in China. Therefore, after Europe and North America, China has become the third largest acid rain high-risk area in the world. In view of the serious pollution of acid rain in China at that time, China designed some key projects from the "seventh five-year plan", "eighth five-year plan" to the "ninth five-year plan". Chinese scholars carried out a series of important work on air pollution and acid rain. Prof. Zongwei Feng was the most representative on in the eighth five-year plan period, who was responsible for tackling the key problems of acid deposition in China and its impact on ecosystem environment. The main topics were: (1) the impact of acid rain on crops and forests; (2) the economic losses of acid rain on crops and forests; (3) the sensitivity and critical load of acid rain on the ecosystem; (4) reliable techniques and measures for ecosystem restoration in acid rain areas. These important research findings provide valuable scientific basis for revealing the damage mechanism, control and prevention of acid rain pollution, and help to promote the formulation of laws and policies related to acid rain pollution control. After decades of unremitting efforts, acid rain pollution in China has been well controlled, and at present it will not cause direct harm to the ecosystem.
After the implementation of the reform and opening-up policy, several epidemiological surveys were conducted in some large cities in China, such as Shenyang, Anshan, Beijing and Beijing, to explore the associations between air pollution and population health. These studies adopted cross-sectional or ecological methods, and found increased mortality and morbidity, exacerbated respiratory symptoms, and impaired functional parameters in people living in areas with heavy air pollution compared with those living in less polluted areas. These studies preliminarily revealed the relationships between air pollution and population mortality/ morbidity, clinical symptoms and functional parameters in some of major cities in China. However, these studies only focused on total suspended particulates (TSP), SO 2 and NO x .
Atmospheric pollution management and control
China's air pollution control studies began in the 1970s. Back then, a large-scale observational campaign was conducted in the Xigu industrial district of Lanzhou, which confirmed the existence of photochemical smog in China and found different formation mechanisms from those observed in foreign countries; control strategies were then proposed based on these findings (Tang et al., 1989) . In the late 20th century, Chinese scientists have studied pollutions of acid rain and sulfur dioxide (SO 2 ). Based on more than ten years of studies, the control strategy on total amount of China's coal-fired SO 2 emissions and the designation of acid rain and SO 2 pollution control area were proposed. Chai et al. (2006) calculated the national environmental capacity of SO 2 to be about 1700×10 4 t with the 5-percentile critical load of sulfur deposition as the constraint. In the 1990s, China began to control pollutions from vehicle exhaust. As support, the status of vehicle pollutions in China was evaluated, vehicle emission assessment system and emission inventory were then established (Hao et al., 2002; He, 2000; He et al., 1996; Fan et al., 1999) .
Since the beginning of the 21st century, regional air pollution complex characterized by PM 2.5 and O 3 has emerged in China, which has been aggravating and spreading. China has entered a new stage of research on regional air pollution complex. Since 2000, Chinese researchers have analyzed the pollution characteristics, sources and formation processes of O 3 and PM 2.5 in Beijing and other key regions based on field observations and numerical simulations (He et al., 2001; Sun Y et al., 2006; Song et al., 2007) . Based on these studies, China's technology support system for joint prevention and control of regional air pollution complex was initially established, and the air quality guarantee plan for the Beijing Olympic Games was proposed. Similar research has been conducted in the Pearl River Delta region which supported the air quality protection during the 2010 Guangzhou Asian Games . In the past ten years, in order to tackle the increasingly serious air pollution, Chinese scientists have established an air quality management decision support technology system through systematic research. First, an emission inventory compilation technology system was established, and the operational compilation of emission inventory was promoted (Zhang Q et al., 2009a; . Second, a source-receptor relationship assessment system was established, and the sources of PM 2.5 pollution in key cities and regions were evaluated (Wang et al., 2011b; Zhang R et al., 2013) . Third, a system for evaluating the effectiveness of China's air pollution control policies was established, which effectively support decision-making for China's air pollution control policies. The effectiveness of China's air pollution control policies was evaluated from various perspectives, and the possible impacts of potential measures were also evaluated to support policy-making . Furthermore, Chinese scientists participated in developing the Air Benefit and Cost and Attainment Assessment System (ABaCAS), providing a comprehensive assessment tool for decision-making in China's air pollution control (Wang et al., 2011b) . The Chinese Academy of Engineering conducted two systematic assessments for the effectiveness of the Air Pollution Prevention and Control Action Plan in 2016 and 2018, respectively.
Atmospheric sounding and remote sensing
The atmospheric sounding technology has made rapid development since the reform and opening-up of China. New types of meteorological sensors and instruments began to appear, and the automatic surface (sea) meteorological observation and upper air sounding have been gradually realized. The meteorological satellites, meteorological radar, and other remote sensing instruments and techniques developed rapidly. The abilities of atmospheric composition observation and meteorological observation are also enhanced. The reliability and accuracy of atmospheric sounding data have been steadily improved (Zheng, 2000) .
Surface (Sea) meteorological observation
The idea of building automatic weather stations (AWS) was first put forward in China in the 1970s, and the first generation of AWS based on electronic tubes was developed subsequently. After 2000, a new generation of AWS, which can measure temperature, air pressure, air humidity, wind direction, wind speed and precipitation simultaneously, were successfully developed in China. Subsequently, multi-station network observation and national operational monitoring were gradually realized through the network . Most of sensors in AWS were homemade, but the manufacture of high-quality humidity-sensitive capacitors was still a challenging task to achieve. In recent years, condensation humidity measurement technology represented by dew point meter (Dai et al., 2016) and TDLAS humidity measurement technology have made great progress, which are expected to become feasible methods for humidity measurement. Domestic weighing evaporators, ultrasonic snow depth meters and radiation meters have also been gradually applied to surface meteorological observation. With the development of optical technology, various instruments for measuring cloud, visibility and weather phenomena constantly appeared. Forward scattering visibility measurement technology has been applied to surface meteorological observation. Transmittance visibility measurement technology has been applied to meteorological observation at airport. In recent years, the influence of turbulence on measurement results has also been considered . The camera-based visibility measurement method (Xie et al., 1999) was initially proposed at the end of the 20th century, but the technology is still in the research stage so far. With the rapid development of automatic cloud observations, cloud measurement technology based on visible light, infrared, laser and millimeter wave have been developed (Huo and Lü, 2002; Zhang and Lü, 2012) , which are basically capable of day and night observation of cloud cover, cloud base height and part of cloud types (Gao et al., 2010) . Weather phenomena involves many observation items and meteorological elements; therefore, it should be observed jointly by various methods. The existing instruments mainly use sound, light and electricity to automatically observe some of weather phenomena, such as precipitation, sight obstacle, lightning etc. (Ma et al., 2011) .
In addition, the sea surface meteorological observation has been preliminarily realized . The coastal, island, tower (offshore oil drilling platform) automatic meteorological observation stations, offshore anchor buoy observation stations, voluntary observation ships and other sea surface meteorological observation systems have been established gradually. The meteorological observation has little difference between sea and ground, but there are special requirements in protection and communication. Some of them are equipped with marine hydrological observation equipments to measure sea temperature, sea salt, wave and current simultaneously .
Upper-air measurement
The electronic radiosonde had been developed since 1970s, and the mechanical sensors were replaced by thermistors, carbon humidity resistors or polymer humidity capacitors, capacitance diaphragms or silicon piezo resistors . A new type of upper-air measurement radar was developed in 1997. The L-band wind radar-electronic radiosonde system was successfully developed in 2001 and was deployed into operation from 2002. There are 120 upperair measurement stations have been upgraded by 2010, which realize the automation of upper-air meteorological measurement in China. In addition, driven by the needs of scientific research or testing, special sounding instruments such as ozone radiosonde, electric field radiosonde and dropsonde have also been developed.
During this period, the technology of sounding balloon in China has been improved from ion deposition to thermal sensitization. The 1600 g balloon can meet the needs of 5 hPa altitude sounding, which breaks the monopolization of Japan and other countries (Xiao and Zhang, 2009 ). The meteorological rocket sounding has developed from liquid fuel to solid fuel, from radar tracking and positioning wind measurement to satellite positioning wind measurement, from the initial temperature sounding to the synchronous sounding of air pressure, density, wind and other elements. Based on the need of early warning of disastrous weather and weather modification, the research of meteorological rocket in boundary layer has been paid more and more attention (Zhu et al., 2016) . In order to fill in the blank of field measurement of atmospheric profiles over vast oceans, marine meteorological rocket sounding technology based on unmanned surface vehicles has also been developed in China .
Aircraft meteorological sounding is a valuable supplement to conventional upper-air sounding, and also a key approach for target observation or adaptive observation. At the end of 2001, China Meteorological Administration and China Civil Aviation Administration launched the AMDAR project and formally participated in the GTS exchange of AMDAR data in 2004 (Cui et al., 2015) . Besides, some models of aircrafts are installed on the professional meteorological sensors and equipments for scientific research. In recent years, a series of meteorological unmanned aerial vehicles (UAV) have been developed, which can measure the temperature, humidity, air pressure, wind direction/wind speed and other meteorological parameters in the concerning area.
Atmospheric remote sensing
The atmospheric remote sensing techniques began to develop in the 1960s , and a lot of achievements in remote sensing inversion method and equipments have been made till now.
The concept of best water vapor information layer for remote sensing was proposed for the first time. Spatial filtering is introduced to interpret the stability of inversion solution. Some new remote sensing inversion method was suggested. Such as microwave radiometer and radar combination method, the inversion algorithm combining extinction and small angle scattering to detect aerosol characteristics (Lv, 1999) and the method of retrieving aerosol microphysical properties using sky scattered light information under the condition of full consideration about atmospheric multiple scattering (Li and Mao, 1989) . In addition, a systematic theory about the inversion of temperature and water vapor profile based on satellite infrared remote sensing has been established (Zeng, 1974a) , and the theory of satellite microwave remote sensing has also been developed (Zhou et al., 1982a) . Besides, a globally universal atmospheric pre-cipitation inversion algorithm and the method of retrieving cloud water and vapor based on dual frequency are proposed .
For the development of remote sensing equipments, China's first ruby Lidar was developed in 1967 (Zhou, 1979) . In the 1970s, a two-channel microwave radiometer prototype was successfully fabricated and was successively put into the filed observation of equational western Pacific Ocean organized by World Climate Research Program (WCRP) for five times. In the 1980s, solar/atmospheric spectrometer, multiwavelength twilight polarization photometer, Mie-scattering lidar, ultraviolet differential absorption lidar and other experimental equipments were developed , which can obtain the total optical thickness of atmospheric aerosols and its distribution, higher tropospheric and stratospheric aerosols and stratospheric ozone. Based on the systematic research of aerosol scattering characteristics and atmospheric radiation properties, micro-pulse Lidar, Miescattering doppler wind lidar, vehicular/airborne Lidar and Raman Lidar are developed, which further promote the measurement of atmospheric aerosol extinction coefficient profile and atmospheric environment Hua and Song, 2008) .
China has started the FY series meteorological satellite development plan in the 1970s (Zhang W, 2001) , an operational meteorological satellite observation system with polar orbit and geosynchronous satellite has been established till now. In the late 1980s, China's weather radar network experienced two generations: analog weather radar and digital weather radar. In 1998, a new generation of weather radar network (Xu, 2003) was constructed. On this basis, the duallinear polarization radar and bistatic (multi-static) Doppler radar were developed, which further improved the ability to detect three-dimensional wind field, microphysical structures and inversion of surface precipitation (Liu and Ge, 2006) . The inversion of atmospheric integrated water vapor content by using ground-based high-precision dual-frequency GPS receiver signals was proposed sin the 1990s. Some domestic scientific experiments and observation plans have implemented water vapor inversion based on navigation signal (Bi et al., 2006) , which promote the development of ground-based GNNS observation technology from scientific research to operation in China. At present, China has established a GNNS/MET water vapor measurement network, which can obtain atmospheric water vapor detection data with high temporal resolution, enhancing the monitoring and forecast timeliness of severe weather such as heavy rain and strong convection.
Scientific observation and experiment
Several scientific observation plans and stations with Chinese characteristics have promoted the organization and processing ability of comprehensive meteorological ob-servation. The East China Mesoscale Weather Test (Zhang et al., 1986) , which began in 1980, first integrated the data of 27 radio sounding stations, 13 radar stations, 260 ground meteorological observation stations and 1315 hydrological stations, providing important information for understanding the convective weather patterns, establishing prediction models, and improving prediction ability. From June 1990 to October 1991, the Heihe river basin Field Experiment (HEIFE) project established an automatic micrometeorological observation network. Each micrometeorological station can measure six layers of wind, temperature and humidity near the ground, two layers of geothermal flux, six layers of air temperature, long-wave radiation, short-wave radiation and net radiation. In the Field Experiment on Interaction between Land and Atmosphere in Arid Region of Northwest China (NWC ALIEX) project (Zhang Q et al., 2005) , wind, temperature and humidity gradient observation of tower, radiation component observation of surface, temperature observation of surface and soil, soil moisture and heat flux observation, wind, temperature and humidity fluctuation observation by ultrasound, and other observations were adopted. After 1979 and 1998, China launched the Third Tibetan Plateau Atmospheric Scientific Experiment (TIPEX-III) in 2014 (Zhao P et al., 2018a) . A new generation of long-term comprehensive observation system, including satellite remote sensing, radiosonde, radar and ground AWS, the comprehensive observation data and fusion analysis products contribute to the further understanding of land surface processes, boundary layer processes, cloud and precipitation physical processes and tropospheric-stratospheric exchange processes in the Tibetan Plateau.
Scientific observation experiments need theoretical and methodological guidance, and the acquired data can directly serve weather and climate prediction. Chinese scholars have proposed conditional nonlinear optimal perturbation (CNOP) method for predictability research (Mu et al., 2003) . This method can be applied to the determination of sensitive areas of atmospheric observation. Considering the characteristics of different observing platforms, the priority region and elements of target observation for each platform should be given, so as to provide more accurate initial field for numerical weather prediction and climate prediction, and then improve the prediction skills. The simulation results of their observation system show that this method is more conducive to improve the typhoon path prediction skills because it considers the influence of nonlinear process. In addition, target observation studies of extreme weather and climate events such as the North Atlantic Oscillation, El Niño-Southern Oscillation, and the Indian Ocean Dipole have been carried out, which have identified areas that should be given priority to increase their observations, and have verified the effectiveness of target observations in these areas in improving forecasting skills through simulation experiments of observation systems .
Meteorological radar observations
As China enter the period of reform and opening up, the development of weather radar also enters the fast track. In the 1980s, 714 S band weather radar with digital processing system was developed. In the 1990s, 714 CD and 714 SD pulse-to-pulse coherent Doppler weather radar were developed. After 1999, advanced S-band and C-band CINRAD/ SA and CINRAD/CB full-coherent pulse Doppler weather radar have been produced based on the improvement of WSR-88D weather radar of the United States. Then CIN-RAD/SB, CINRAD/SC, CINRAD/CD and CINRAD/CC weather radar have been developed. The X, C and S band dual-linear polarization Doppler weather radar was also developed in the late 1990s. In addition to conventional and dual polarization Doppler weather radar, China has also made breakthroughs in the wind profiler radar (WPR). At the end of the 20th century, the first wind profiler radar of China was successfully developed, and the L-band and P-band wind profiler radar with multiple types and the capability to detect wind at different heights were developed. The XYE01 boundary layer wind profiler radar was also successfully developed.
The meteorological radar has experienced a more rapid and diversified development in the 21st century. The first 8.6mm cloud radar, 3 mm Doppler cloud radar were successfully developed in recent years. In addition, China has made certain breakthroughs in phased array meteorological radars and conducted in-depth research and verification on phased array multi-beam radar weather detection mode, dangerous weather identification algorithm and digital array technology applications. At the beginning of this century, the main companies that produced the new generation of weather radar in China began to produce signal processors. At present, the digital signal processor of domestic weather radar has been applied to many types of radar, and the performance is close to that of advanced RVP-8 and RVP-9 of VAISALA Company.
Beside the continuous development and update of meteorological radar, new algorithms to improve the quality of radar data are constantly innovating. Domestic scholars have achieved the transformation of multiple weather radars into mosaic data of each grid point on the same contour plane, and reasonably processed the intensity differences among different radars. It is the first time in China to realize quasireal-time automatic mosaic of weather radar echoes in Nanjing, Shanghai and Yancheng (Zhang et al., 1989; Yuan et al., 1993) , and a lot of theoretical results have been obtained through the application of weather radar data. The homogeneous and inhomogeneous, referring to the phase structure of ice and water, ellipsoid, conical sphere and short cylinder models which approximate the shape of precipitation particles in the same order of magnitude as the wavelength of the incident wave are established (Wang et al., 1997) . Based on the theory of electromagnetic field, the scattering fields of these particles are solved by the methods of separation of variables and integral equation. A program for calculating the scattering and absorption properties of particles is compiled by the elliptic function expansion. The radar cross section, attenuation coefficient and radar reflectivity factor of precipitation particles, which have important application value in meteorology, are calculated according to the variation of electromagnetic wave type, wavelength and precipitation particle parameters, which are all important physical parameters in radar meteorology and microwave atmospheric engineering technology (Wang et al., 1991; Wang and Zhang, 1998) . In addition, some scholars have explored the use of TRMM spaceborne Ku-band radar to consistently calibrate and evaluate radar reflectivity factors of S-band operational radar groups in Jiangsu Province of China Li N et al., 2017) . The quality control and pre-processing problems of space-borne rain radar (PR) and ground-based S-band operational radar are solved, such as space-time inconsistency, space-time mismatch of effective irradiation volume, incomplete beam filling of ground-based radar and Mie scattering effect of space-borne radar in detecting heavy rainfall.
In the fields of meteorological radar service construction in China, a new generation of weather radar network has been formed jointly by the meteorological departments, water conservancy and civil aviation departments. 69 wind profiler radars have been preliminarily built which played an active role in meteorological forecast and meteorological support on major events such as Beijing Olympic Games, Shanghai World Expo, Guangzhou Asian Games and Xi'an World Park Expo. In the 21st century, China has independently developed weather radar product generation software ROSE and weather radar short-term proximity prediction platform SWAN. Weather radar single-station software and network mosaic use part of the quality control algorithm. Wind profiler radar has carried out network data quality control and assimilation test in numerical prediction model. The quality of meteorological radar data and its application in weather forecasting and meteorological services in China have been continuously improved.
Meteorological satellite remote sensing
Since the reform and opening up, the development of China's Fengyun meteorological satellites has been on the right track, and a total of 17 meteorological satellites have been successfully launched (see Table 1 ). In 1988, China's first polarorbiting meteorological satellite FY-1A (Fengyun 1A, FY-1A) was launched successfully. In 1997, China's first geostationary meteorological satellite, FY-2A (Fengyun 2A, FY-2A), was successfully launched, achieving zero breakthroughs of meteorological satellites in low orbit and high orbit respectively, Fengyun meteorological satellites began to enter the world meteorological satellite family.
Synchronized with the development of the FY-1A satellite, the ground data receiving and application system also solved the key technologies of satellite communication and trans- mission. It consists of a data processing center (Beijing) and three domestic ground stations (Beijing, Guangzhou and Urumqi), realizing the reception, processing, archiving and monitoring services of satellite data. On May 10, 1999, FY-1C (Fengyun 1C, FY-1C) was successfully launched, loaded with an improved 10-channel visible light infrared scanning radiometer with good optical imaging quality, and worked in orbit for more than 5 years (greatly exceeding the design life). FY-1C has achieved the first milestone in the operational operation of China's meteorological satellites (Xu et al., 2010) .
In the early stage of the development of Fengyun meteorological satellites, it is not only necessary to receive, process and utilize the data of foreign satellites, but also need to design, develop and use China's own meteorological satellites. In 1989, the "NOAA series meteorological satellite data receiving and processing system and development application service system" was built and put into use. This system is the first perfect system that integrates data acquisition and quantitative processing in China in the early 1980s. It has reached the international advanced level in the 1980s and realized the transformation from satellite data simulation processing, qualitative analysis to digital processing and quantitative application analysis.
The upgrading polar-orbiting satellites FY-3A (Fengyun 3A, FY-3A) satellite successfully launched in 2008. FY-3A is equipped with 10 remote sensing instruments (five kinds of functions), such as optical imaging, infrared-microwave combined atmospheric sounding, microwave imaging, narrow-spectrum atmospheric composition detection and fullspectrum Earth energy detection. The spectrum of instruments onboard FY-3A covers the ultraviolet, visible, near infrared, infrared and microwave bands.so the satellites remote sensing have realized global, three-dimensional, quantitative and multi-spectral all-weather comprehensive observation ). The FY-4A (Fengyun 4A, FY-4A) successfully launched in 2016, it is equipped with three advanced remote sensing instruments. Among them, the optical imager AGRI and lightning imager LMI have reached the same level as GOES-R (the new generation of American geostationary satellite in the same period). The instrument GIIRS is currently the only instrument in the world that performs hyperspectral atmospheric vertical detection in geostationary orbit Zhang P et al., 2019b) .
At the same time as the satellite observation capability has been greatly improved, the core key technologies of Fengyun Satellite's data receiving and processing have also been greatly improved. In 2010, the Arctic receiving station in Kiruna, Sweden was built and put into use. In 2018, the Norwegian Troll Antarctic receiving station was rented and put into operation to ensure that the observations of Fengyun satellite anywhere in the world can be received, transmitted, processed and served within two hours.
With the development of China's meteorological satellite engineering, research on meteorological satellite inversion methods is also being carried out simultaneously (Zhang Y, 2001) . In terms of inversion methods, Zeng Qingcun establish a complete system theory of infrared remote sensing inversion of temperature and water vapor vertical distribution. In the theory, he combined the mathematical physics foundation with the atmospheric temperature and humidity distribution and surface characteristics (Zeng, 1974b) . Zhou Xiuyi and others developed the system of satellite microwave remote sensing theory, and has made a step forward in the development of inversion principle and remote sensing technology. In this theory, he combined the remote sensing of microwave radiometer with radar remote sensing (Zhou et al., 1982b) . Since the 1980s, many units in China have carried out systematic research on inversion theory and methods such as atmospheric temperature profiles, cloud characteristics, aerosols, precipitation and cloud winds according to business needs (Wang Z et al., 2017b; Dong et al., 2010) .
The outstanding research achievements since the 21st century 4.1 ABL physics
To meet the urgent demand for climate and environmental change research, air pollution research, and new energy development, a series of comprehensive experimental observations, theoretical studies, and numerical simulations have been conducted in the recent two decades. Some distinctive, high-level ABL research results have been achieved.
(1) Huang et al. (2013) and Zhao P et al. (2018b) established LSP parameterization schemes for deserts and oases in China's northwestern arid and semiarid regions, determined the land surface albedo, the thermodynamic parameters of soils, and momentum and sensible heat drag coefficients, and discovered a deep ABL over the Gobi region and the desert region in southern Xinjiang. Li et al. (2012b) revealed the spatial heterogeneity in surface water-heat exchange in the Heihe River Basin in Gansu and determined the regionalscale energy budget on nonuniform surfaces.
(2) Xu and Chen (2006) determined the dynamic and thermodynamic structures of the ground layer and ABL over the Tibetan Plateau as well as the pattern of strong turbulent motions, the characteristics of strong convective thermal bubbles, and the "popcorn" convective cloud structure in these layers. Additionally, they provided a comprehensive physical image of the ABL over the Tibetan Plateau and noted that the Tibetan Plateau is one of the main sources of convective cloud systems that cause floods in eastern China. Moreover, they discovered that strong radiation on the Ti-betan Plateau is the source of strong surface thermal forcing and heat convection over the region, determined the mechanisms of the effects of cold and heat sources on the Tibetan Plateau, and noted that the strong turbulence over the eastern Tibetan Plateau is conducive to the development of cumulus convection over this region. Ma et al. (2006) provided regional-scale distribution images of surface temperature, surface reflectance, the Normalized Difference Vegetation Index (NDVI), the calibrated Modified Soil-Adjusted Vegetation Index (MSAVI), vegetation coverage, the Leaf Area Index (LAI), each component of energy balance, and evaporation (evapotranspiration) for the Tibetan Plateau. Through intensive observations made during the Third Tibetan Plateau Atmospheric Scientific Experiment, Zhao P et al. (2018b) found that the surface turbulent heat transfer coefficient and momentum exchange coefficient were both lower than the previous estimated values. Moreover, they also discovered that convective clouds over the main body of the Tibetan Plateau do not primarily develop from the South Asian monsoon region but are caused by local development. Furthermore, they determined the mechanism of plateau heating in maintaining Asian atmospheric "water tower" in summer as well as its role in regulating Asian and global climate.
(3) Zeng et al. (2010) determined the 3D structures of atmospheric physical and chemical processes in the UBL over Beijing in winter and summer, revealed the comprehensive physical and chemical characteristics of dynamic, thermodynamic, and vertical turbulent structures and aerosol distribution in the UBL over Beijing, and proposed a new gust mechanism and a gust disturbance parameterization scheme. Through experiments, Jiang et al. (2010) discovered the presence of an urban dry island effect in the Yangtze River Delta. They further noted that wind speed reductions in urban areas are a result of the impact (e.g., friction, damping, and dragging) of urban buildings on air currents and that the average kinetic energy of some atmospheric motions is converted to turbulent kinetic energy.
(4) Hu and Zuo (2004) developed a nonequilibrium thermodynamic theory of the atmosphere. They further proved the phenomenological relations in turbulent transport, the vortex theorem, the turbulence intensity theorem, and the cross-coupling effects of dynamic and thermodynamic processes in the atmosphere system. Moreover, they noted that transport processes in the ABL should also include the transport of energy and matter by atmospheric divergence and convergence motions. Li et al. (2001) proposed a maximum energy criterion for identifying turbulent coherent structures and used it to study turbulent coherent structures, waveform reconstruction, singularity, and turbulent intermittency. Wei et al. (2017) demonstrated the presence of zless structures in turbulent motions and their effects on turbulent motions. Ren et al. (2019) discovered the role of in-termittent turbulent fluxes in vertical transport of particles, demonstrated the mechanism of interactions between intermittent turbulence and pollution processes and particle diffusion, and revealed the correlation between turbulent intermittency and vertical transport of energy. and Li et al. (2012a) verified that the eddy covariance technique for complex land surfaces underestimates turbulent fluxes on low-frequency scales. Liu et al. (2009) quantified the efficiency in converting the atmospheric mean field into a turbulent flow field.
(5) Jiang et al. (2010) established a multi-layer canopy model for urban areas and improved the capacity to simulate urban climate based on the distribution of 3D buildings. and Peng et al. (2018) developed a turbulent flux parameterization scheme based on a non-iterative method and coupled it with a mesoscale weather forecasting model. Yang et al. (2002) proposed the concept of the turbulent coherence length hT, provided a parameterization method for estimating the thermodynamic roughness length zh0, and improved numerical simulations of heat fluxes in the ground layer. Cai and Chen (2000) developed a large-eddy model and a Lagrangian stochastic particle dispersion model for the ABL. They also determined turbulent structures and the characteristics and mechanism of matter transport in unstable ABLs. Cai (2008) provided spatially representative turbulent fluxes and observed concentrations over complex land surfaces.
(6) Zhang X et al. (2018) examined the interactions between atmospheric pollution and the ABL. They further noted that there was an increase in the temperature of the top of the ABL relative to its bottom and the top of the ABL was, to some extent, affected by the accumulation of aerosol pollutants. They concluded that these two factors were the cause of the overall deterioration of aerosol-polluted weather conditions in Beijing and its surrounding area. found that radiative cooling of aerosols affects local weather and climate and further worsens aerosol pollution.
Physics of cloud and fog
The outstanding achievements in cloud physics in China in the past 20 years were as follows:
(1) A variety of observation methods and simulations promotes new understandings of cloud macro and microphysical features. Different types of clouds have their own macro and microphysical characteristics, so understanding cloud properties is of great significance for the usage of cloud water resource in the atmosphere. Scholars conducted an in-depth analysis of cloud water resources, cloud cover trends and seasonal characteristics in China. They also summarized the properties of different clouds, including horizontal and vertical distributions of different types of clouds, cloud top heights, spatial distributions of cloud cover, relationships between cloud cover and topography, etc. With the improvement of satellite resolution, satellite data could also be used for the detection of cloud microphysics. Many scholars have used satellite data to retrieve microphysical properties such as liquid water content, cloud effective radius, and optical thickness. Aircraft observation could detect cloud microphysical information more directly and specifically; these data have been used to study cloud inhomogeneous microphysical structures, and to carry out research on important cloud physical processes. Using aircraft observation data, the influence of cloud entrainmentmixing mechanisms on cloud microphysics have been analyzed, resulting in a deeper and more comprehensive understanding of microphysics, dynamics and thermal interactions . In addition, the development of cloud radar and microwave radiometers has also contributed to cloud physics detection, which could identify the phase and size of cloud particles and retrieve water content Ge J et al., 2018) . Scholars have also improved the parameterization schemes or algorithms of cloud physics in models, on the basis of observations and theoretical analysis . In the field of fog research, many scholars have used observations or models to study the microphysical characteristics of the formation, development, maturation, and dissipation of radiation fog, advection fog, and evaporative fog. They have also analyzed the physical and chemical characteristics, and dominant factors in different fogs at various stages (Liu D Y et al., 2011) .
(2) The theoretical understanding of the processes and structures of cloud precipitation are enhanced. Clouds are directly involved in the precipitation process and latent heat exchange. Understanding the structural characteristics of clouds is an important prerequisite for further revealing the characteristics of precipitation. In the past 20 years, scholars have used observations and models to conduct in-depth researches on cloud-precipitation related issues. Using satellite data, an effective method of separating precipitation and non-precipitation was developed. Some studies revealed the trends of convective and stratiform precipitation in different regions (plateau, plain, ocean), and the vertical structural characteristics of precipitation . The evolution characteristics of ice-phase precipitation and storm precipitation were studied by using the detected raindrop spectral distribution. The relationships among the raindrop spectrum, shape factor, slope factor, radar reflectivity and precipitation rate in different regions, different types and different stages of precipitation were also studied . In addition, radar played an important role in the detection of precipitation characteristics, including the retrievals of precipitation, precipitable water content, raindrop velocity, three-dimensional wind, distribution of raindrops in precipitating clouds, classifica-tion of precipitating clouds, and vertical structures. As the descriptions of dynamics, cloud microphysics and radiation were more and more reasonable in models, and the ability to simulate the evolutions of precipitation processes was improved. Mesoscale models such as MM5 and WRF were widely used in the study of cloud-precipitation related problems. Many scholars have used numerical simulations to compare the experimental results to reveal the importance of the ice-phase processes in precipitation . Through sensitivity experiments, scholars also studied the important effects of initial conditions and environmental factors on precipitation and found that they could significantly change the precipitation intensities and positions of the surface precipitation center, and might also change the starting and ending time of precipitation (Jing et al., 2019) . In addition, the improvement and development of schemes in models were also critical to better simulating cloud-precipitation related issues.
(3) The mechanisms of aerosol as cloud condensation nuclei (CCN), ice nuclei (IN) and their effects on cloud physics are revealed. Studies of aerosols, CCN, IN, and cloud properties are important to reveal the relationship between background aerosol concentration, spectral distribution, chemical composition, and cloud-precipitation formation processes. Scholars have carried out a lot of researches on CCN and IN with aircraft, satellite data, and models. The distribution of CCN and IN showed regional characteristics, which were affected by environmental factors. The increase of CCN concentration resulted in a large number of cloud droplets, which reduced the effective radius of cloud droplets and might inhibit raindrop formation . Xiao et al. (2014) found that, without considering the urban effect, topographic cloud precipitation was inhibited by the increase of aerosols; afterward, they found that under the more polluted conditions, the processes of riming and Bergeron were more efficient. Increasing the IN concentration could increase the rate of heterogeneous nucleation of ice crystals in the convective cloud, but did not significantly change the precipitation of the deep convective cloud system on the ground . Scholars have also developed satellite algorithms to retrieve cloud effective radius and CCN in convective cloud (Yue et al., 2019) ; the satellite-cloud retrieval techniques were further applied to weather modification, severe weather warnings, aerosol indirect effects , and the quantitative assessment of aerosol indirect effects was significantly improved. Li R et al. (2017) used comprehensive observation and simulation results to verify that the Gobi sand dust had a significant heterogeneous freezing enhancement effect, which quantitatively revealed that this effect contributed about 40% to the warming effects at the top of the ice cloud. studied the aerosol effects in the warmphase on a deep convective system. A higher aerosol con-centration results in a larger total cloud cover, and higher frequencies of high cloud cover, updrafts and precipitation.
(4) The cloud-related parameterization schemes have been improved in models to make the cloud-climate feedbacks more reasonable. The cloud covers 60-70% of the earth, which significantly affects the radiation budget of the earthatmosphere system. The 4% increase in low cloud cover can offset the 2 to 3°C warming caused by doubling the carbon dioxide concentration. Improving the aerosol-cloud-radiation simulation capability in models can better study the cloud-climate feedbacks. The influence of aerosol on the dispersion of cloud droplets is very controversial. Xie et al. (2017) introduced different dispersion schemes into climate models; the new cloud parameterization could better simulate cloud shortwave radiative forcing, and significantly reduce the changes caused by anthropogenic aerosols in the effective radius of the cloud top and the liquid water path. Qin et al. (2018) tested a new statistical cloud scheme in a climate model, making the low cloud and liquid water paths more reasonable. Zhang H et al. (2018a) used the perturbedparameter ensemble experiments to study the mechanism of low cloud feedback. Zhao W et al. (2018) applied the scheme which considered cloud longwave radiation effect into a climate model and pointed out its important impact on global energy balance, which should be paid attention to in future climate models.
Atmospheric radiation
Since the 21st century, the research on atmospheric radiation in China has achieved relatively rapid development. On the basis of further optimization of gas absorption and radiation transmittance algorithm, the research has been continuously expanded, and a series of achievements have been made in the particle scattering (especially for aerosol particles) and the development of radiative transfer model.
(1) The calculation method of gas absorption has achieved outstanding results. On line-by-line integral model, the scientists used the characteristics of half-width of absorbing line, proposed the fast "chase point method" for high-spectral gaseous absorption coefficient calculation, greatly reducing the amount of calculation of the line-by-line method (Zhang and Shi, 2000; . Considering the influences of different variables on the accuracy and efficiency of lineby-line simulations, Zhang and Shi (2000) and Zhang H et al. (2005) developed a fast numerical method for gas absorption coefficient and cooling rate calculations for accurate radiative transfer simulations in the longwave and near-infrared spectra. Zhang et al. (2003) also proposed an optimal correlated k-distribution method for overlapping bands. Meanwhile, by analyzing the influence of different wing truncation approaches on the calculation of atmospheric absorption coefficient, transmittance, and cooling rate, Zhang et al. (2007) concluded that the relative line wing truncation method, which uses the largest line intensity as references, is the best way to truncate spectrum wings for absorption calculations. Based on the line-by-line results and the HITRAN gas absorption coefficients, a non-linear fitting method was developed by Chen et al. (2011) for atmospheric transmittance in the infrared region. Wei H L et al. (2007) studied the atmospheric molecular transmittance parameters and found that the narrow band transmittance can be obtained by numerical fitting method. Researches discussed above mostly used the well-developed LOWTRAN or HI-TRAN database for gas absorption coefficients or atmospheric transmittances as references, whereas the coefficients themselves were seldom directly measured. Recently, Chinese scientists also participated in gas absorption spectrum measurements. For example, high precision spectral line parameters of CO 2 , N 2 O, and CH 4 were measured using the laser-locked cavity ring-down spectroscopy Liu A W et al., 2019) .
(2) There are also more and more outstanding works on scattering models and optical properties of atmospheric particles. On the basis of popular models such as the Tmatrix method, geometric optics method, time domain method, and so on, Chinese scientists have improved and optimized a variety of algorithms for optical properties of non-spherical particles, such as bridge approximation (Zhao and Hu, 2003) , multi-resolution time domain technology Hu et al., 2018) , and discrete dipole approximation based on equivalent medium approximation . Meanwhile, the invariant embedding Tmatrix method (Bi and Yang, 2014) and Debye series theory were used to accurately study the scattering properties Bi et al., 2018c) . In the past ten years, lots of work on numerical simulations of aerosol optical properties has been performed by Chinese scholars. These researches study the optical properties of aerosol particles based on different models with different shapes, and reveal the significant influence of particle shapes and microphysical properties on their scattering properties (Gao et al., 2007; Huang C et al., 2007) . For different kinds of aerosols, more accurate and systematic theories and numerical models have been developed. These include the optical properties of dust aerosols Bi et al., 2016; Jin et al., 2016; Bi et al., 2018a; Lin et al., 2018) , sea salt (Bi et al., 2018b) , black carbon aerosols Cheng et al., 2014; Liu et al., 2018) , biomass aerosols , and mixed aerosols (Wang Z et al., 2009; Liu C et al., 2017; Zeng et al., 2019) .
(3) Meanwhile, aerosol optical properties are extensively measured. As the atmospheric environmental problem is widely noticed, the impacts of aerosols on regional and global climate change become a hot topic. Several regional or national ground-based aerosol observational networks were established, and performed lots of observational researches to better understand aerosol optical properties, e.g., the Chinese Sun Hazemeter Network (Xin et al., 2007; Wang et al., 2011c) , the Chinese Aerosol Remote Sensing Network (Che et al., 2015) , the Sun-Sky Radiometer Observation Network , and so on. Moreover, observational studies were also carried out in various typical regions, such as over the North China (Ma et al., 2012; Zhao et al., 2019) , the Pearl River Delta (Wu et al., 2009) , the semi-arid region of Loess Platea (Huang et al., 2008) , and so on.
(4) Some unique radiative transfer algorithms suitable for atmospheric detection and remote sensing applications were developed. Zhang and Shi (2000) built a new line-by-line integration algorithm (ZS2000) for calculating spectral absorption coefficients, and compared it with widely used LBLRTM in details . Liu and Qiu (2004) method. The model performance was improved by truncating scattering orders with a geometric series and it has been used in oceanic and atmospheric studies . The algorithm, modified as a vector limb radiative transfer model, agreed closely with results from LGLTRAN simulation, but can be applied for polarized radiative transfer simulations of inhomogeneous atmospheres . Duan and Lv (2007) obtained a normalized formula of the δ-M transformation in vector radiative transfer simulations, which is helpful to improve model accuracy and efficiency. For studies of fast hyperspectral radiative transfer simulations, Bai et al. (2016) developed a fast and accurate model for infrared spectrum (FFRTM_IR) based on the optical spectral sampling method, which is used for the forward simulation and data assimilation of satellite-based hyperspectral infrared observations. Bai et al. (2018) also developed hyperspectral radiative transfer models for middle-and short-wave infrared region. An alternate mapping correlated k-distribution (AMCKD) is developed for the application of satellite simulations .
(5) Algorithms of radiative flux and transfer calculation weather and climate models were studied. Based on the twostream radiative transfer scheme, Zhou et al. (2009) developed a four-stream scheme that can be applied in the land surface models. Zhang and Lu (2014) constructed a twofour-combined-stream spherical harmonic radiative transfer method for inhomogeneous atmospheres, and the model has been coupled into the Beijing Climate Center Radiation transfer model (BCC-RAD; . Zhang (2015) also developed a two-four-stream radiative transfer algorithm used in the general circulation model of Beijing Climate Center (BCC_AGCM2.0; . Moreover, Chinese scientists have also developed the adding method of four-stream discrete ordinates approximation (4DDA) and adding method of four-stream spherical harmonic expansion approximation (4SDA) for solar radiative transfer , these schemes reduced the errors in the calculation of cloud and aerosol radiative forcing, and were used in solving multi-scattering of longwave radiative transfer problems . In the infrared radiation, lots of approaches were developed to deal with diffusivity factor (Shi and Qu, 1985; Zhang and Shi, 2001; Zhao and Shi, 2013) . In terms of the theoretical researches, Wang (2017a) developed a unified formulation of atmospheric radiative transfer in plane-parallel atmosphere, and introduced the decomposition calculation scheme. Based on the unified formulation, the hemispherical harmonics method with four components (HSHM4) derived was found to be more accurate than the four-stream spherical harmonic method and the four-stream discrete ordinate methods in some cases (Wang, 2017b) . By coupling systematic studies over the past a few decades, developed the BCC_RAD radiative transfer model for climate modeling, and the model is involved in the joined inter-comparison project of shortwave radiative transfer schemes (Randles et al., 2013) .
Atmospheric electricity
In the past 20 years, thanks to the continuous improvement of lightning location system toward high temporal and spatial resolution, as well as advanced high-speed camera system, scientists have revealed the propagation characteristics of lightning leaders, uncover the existence of space leaders that occur before the developing lightning leaders, and describe the relationship between space leaders and propagation direction of lightning leaders (Qie and Zhang, 2019) . Lightning optical spectrum observations were utilized to obtain characteristic parameters of lightning channels including temperature, electron density and so on (Yuan et al., 2004a) , and the propagation characteristics of lightning electromagnetic fields were studied systematically (Zhang Q L et al., 2012) . The structures of lightning channels during their propagations were depicted based on the observations of very-high-frequency broad-/narrow-band interferometers. Artificially triggered lightning technology not only promoted the scientific research on lightning physics and mechanisms, but also played an important role in the testing of lightning protection technology; it was further used for the test of lighting strike effect and protection in real lightning electromagnetic environments . used three-dimensional lightning detection data to reveal the characteristics of initial leader of lightning and the propagation characteristics of lightning channels and their relationships with the charge structure of thunderstorms. In addition, lightning scale parameters were introduced to improve the quantitative relationships between lightning activity and thunderstorm structure. For narrow bipolar event, a special type of lightning discharge, its occurrence height and generation mechanism were exposed . Xu et al. (2016) developed a mesoscale electrification and discharge model and revealed the impacts of different versions of non-inductive charging on the charge structure of thunderstorms. For lightning activity in tropical cyclones, Zhang W et al. (2015) indicated that rapid intensification of lightning activity in the inner core might indicate the intensity of tropical cyclones.
Based on the observations of the lightning flashes striking on the tall buildings, it was found that the head-to-head and head-to-lateral connections between the downward and upward leader channels are two basic behaviors, while the lateral connection phenomenon is more common. The length of the upward connection leader initiated from tall buildings can reach the order of kilometers, with its development speed increasing rapidly in just a few microseconds before the lightning connection (Lu W et al., 2013) . A stochastic discharge parameterization scheme of upward lightning was presented and embedded into an existing fine-resolution twodimensional thundercloud electrification and discharge model to simulate upward lighting .
Transient luminous events in the middle and upper atmosphere were observed, revealing the basic characteristics of lightning discharge in these parts of the atmosphere. In addition, the associations of the transient luminous events with the lightning activities in the troposphere and thunderstorm conditions were investigated (Qie and Zhang, 2019) .
Atmospheric chemistry
Since the 21st century, atmospheric chemistry research has been included in the priority development field of China's atmospheric science in the 11th Five-Year Plan of the National Natural Science Foundation of China. The outstanding research results are as follows:
(1) Important progress has been made in the study of atmospheric free radical chemistry. The role of free radicals in atmospheric chemistry is extremely important, and participates in the oxidation and removal reactions of various trace components in the atmosphere. OH radical is one of the most important oxidants in the atmosphere and is the main driving force behind the formation of new particles, promoting formation and explosive growth of haze (Tan et al., 2018) . As the concentration of OH in the atmospheric is extremely low, high and direct measurement is very difficult. The observation of OH radicals in China began with a set of laser-induced fluorescence systems (LIF) established by the Peking University team (Ren et al., 1999) . From the end of the 20th century to the beginning of the 21st century, due to the limitations of measurement techniques, the measurement results of HOx radicals were so unreliable that it was difficult to assess the atmospheric oxidative levels in China . Since 2006, the scientists of Peking University had taken the lead in the use of LIF to observe HO x in China. And this technology (LIF) was relatively mature. In 2006, Lu Keding and others conducted observational studies of atmospheric HO x in Guangzhou and Beijing, and discovered the non-traditional regeneration mechanism of OH in China . They also conducted several HO x observations in Beijing and Hebei province, and compared observations and simulation results (Tan et al., 2018) .
The HONO photolysis produced 34-56% of OH radical in the whole daytime, and thus HONO has received widespread attention in the world (Kleffmann, 2007) . Meanwhile, the research on HONO in China is also increasing. Many institutions such as Peking University, Institute of Chemistry, Chinese Academy of Sciences, and Anhui Institute of Optics and Fine Mechanics, Chinese Academy of Sciences (AIOFMCAS) have independently developed HONO analyzers, and conducted a series of HONO observation experiments in many regions of China Tong et al., 2016; . The studies demonstrate that photolysis of adsorbed nitric acid and nitrate and agricultural activities (such as fertilization) contribute significantly to HONO sources Xue et al., 2019) . Studies have also shown that NH 3 in the atmosphere can promote the hydrolysis of NO 2 to produce HONO, but the mechanisms and relative contributions of these sources are highly controversial . An et al. coupled the indoor emissions and biomass combustion emissions into the WRF-Chem model, which improved the accuracy of the model simulation .
During the nighttime, the concentration of OH is extremely low due to the absence of photochemical sources. And thus NO 3 radicals and O 3 become the main atmospheric oxidants. NO 3 radicals also have short lifetime, high reactivity and low concentration, but they play an important role in the oxidation and loss of various trace gases in the atmosphere. The AIOFMCAS, Fudan University, Hong Kong Polytechnic University and Peking University have established instruments to measure NO 3 free radical in the atmosphere and conducted observation experiments .
Criegee intermediates (CIs) are produced in the process of ozone and olefin reaction, have very strong oxidizing properties, and is a hot topic in international research. Fudan University has studied the contribution of ozonation of halogen-containing olefins to new particle formation . The Shandong University team identified new reaction pathways through the detection and study of CIs in the exploration of ozone and furan reactions (Chang et al., 2017) .
(2) A significant breakthrough has been made in the observation and mechanism research of new atmospheric particle generation in China. Since Aitken reported evidence of new particles formation in the atmosphere in 1897, the study of particle nucleation in the atmosphere has been the most advanced research field of atmospheric chemistry. From the Arctic to the European forest region, the coastal region to the urban agglomeration, new atmospheric particle formation has been observed. New atmospheric particle is an important source of secondary aerosols and can contribute about half of cloud condensation nuclei. At present, the international nucleation theory of new particles mainly includes binary nucleation of water-sulfuric acid, ternary nucleation, ioninduced nucleation, and iodine participation in nucleation. China started late in the research of new particle formation. Since the beginning of this century, relevant research has been carried out, and a series of important research results have been achieved in the past 20 years. The Peking University team has conducted a series of field observation studies since 2004, confirming the important role of sulfuric acid in the formation of new particles and discovering the importance of organic matter in the nucleation of new particles (Yue et al., 2010) .
Exploring the new particle formation mechanism through actual environmental observations needs to solve two key technical problems. The first is measurement of size distribution of particles or molecular clusters with aerodynamic diameter below 3 nm, and the second is to target chemical composition of these particles or molecular groups. Clusters and gaseous precursors were assayed for real-time chemical composition. The Tsinghua University group (Jiang et al., 2011) conducted a series of instrument technology developments for particle size measurement below 3 nm, successfully achieving detection of 1-3 nm particles. The atmospheric observations conducted by the Fudan University group (Yao et al., 2018) in Shanghai compared with the laboratory simulations found that the sulfate-dimethylaminewater ternary nucleation system can effectively explain the mechanism of new atmospheric particle formation events in Shanghai. The Beijing Institute of Technology University group has proposed a new physical and chemical mechanism for the new aerosol particles formation caused by chemical reactions between highly polluted areas, providing new research ideas and theoretical guidance for the formation of particulate matter under the conditions of composite air pollution in China .
(3) Some of the formation mechanism of secondary aerosols in China have been revealed. In essence, the haze is fine particulate matter (PM 2.5 ) pollution (Liu X G et al., 2013) . Compared with the other regions in the world, the concentrations of SOA in Beijing are higher . In recent years, Tsinghua university, Research Center for Eco-Environmental Sciences-Chinese Academy of Sciences (RCEES), teams of Peking University, Institute of Chemistry-Chinese Academy of Sciences (ICCAS), Fudan University, Institute of Earth Environment-Chinese Academy of Sciences, Guangzhou Institute of Geochemistry-Chinese Academy of Sciences (GIGCAS), Beijing Institute of Technology, The Institute of Atmospheric Physics-Chinese Academy of Sciences (IAP), Chinese Research Academy of Environmental Sciences, Chinese Academy of Meteorological Sciences carried out a large number of researches about secondary aerosol formation mechanism and acquired a series of achievements.
Smog chamber is an effective method for the research on the formation of secondary aerosol, as shown in Table 2 , Our country's smog chamber has been in the leading position in the world since it was mainly used to detect gaseous pollutants in the initial stage, and now it has realized all-round detection of multi-species chemical composition, particle size distribution, optical and hygroscopicity, etc. The formation mechanism of secondary aerosols can be studied by means of smog chamber combined with flow tube, smog chamber, diffuse reflectance infrared spectroscopy, Knudsen cell, X-ray diffraction, electron microscopy and Raman spectroscopy.
Heterogeneous reactions play an important role in the formation for secondary aerosols, studies found that environmental conditions such as relative humidity, temperature and so on have important effects on the formation rate, morphology, yield and optical properties of secondary aerosols. The presence of NO 2 could promote the adsorption of SO 2 and the formation of sulfate, which can explain the results of field observations to a certain extent (Liu C et al., 2012b) . Sulfates or nitrates in the mixed particulate participate in the reactions can also promote the formation of secondary particulate matters . Photochemical reactions on the surface of particulate matter have also been studied .
Secondary organic aerosols (SOAs) were formed through the oxidation of organic compounds in the atmosphere by oxidants such as OH radicals, NO 3 radicals, O 3 and Cl atoms.
The reaction kinetics of unsaturated alkenes, alkanes, sulfurcontaining organic compounds with ozone, OH radicals, Cl atoms and NO 3 radicals was carried out by Institute of Chemistry, Chinese Academy of Sciences in early stage (Gai et al., 2013; Du et al., 2007b) . The reaction kinetics of OH radicals and Cl atoms with volatile organic compounds such as sulfur, unsaturated esters and unsaturated alcohols was studied by the teams of Institute of Chemistry, Chinese Academy of Sciences (Liang et al., 2011; . The formation and product analysis of SOA in photooxidation of toluene and pinene were studied by the Anhui Institute of Optics and Fine Mechanics, Chinese Academy of Sciences and Tsinghua University by using smog chamber (Hao et al., 2006; Lu et al., 2009) . Peking University found that emissions of atmospheric aromatic hydrocarbon have an important impact on formation of PM 2.5 . Guangzhou Institute of Geochemistry-Chinese Academy of Sciences (Liu T et al., 2015) found that the contribution of vehicle idling exhaust to the generation of SOA was 12-259 times higher than that of primary organic aerosol (POA). Besides, the addition of NO x , SO 2 and NH 3 in the actual atmosphere is beneficial to simulation of the actual air pollution process.
(4) Aerosols play an important role in climate change: on the one hand, aerosols have "direct" effect on radiative balance by scattering and absorbing solar and terrestrial radiation, causing changes in visibility, which is related to the optical properties of aerosols; on the other hand, aerosols have "indirect" effect on climate by changing the properties of clouds, specifically serving as cloud condensing nodules (CCN), affecting cloud albedo, and changing the concentration and size of cloud droplets as well as other microphysical properties. This is related to the hygroscopic properties of aerosols.
Black carbon aerosols, especially aged black carbon aerosols, have a strong absorption of light of visible wavelengths. The team from Peking University found that the light absorption of black carbon increased about three times after aging in air from experiments in Beijing, China and Houston, USA (Peng et al., 2016) . Secondary organic aerosols (SOA) can account for half or even more of organic aerosols in China. The team from Institute of Chemistry, Chinese Academy of Sciences had developed a cavity ringdown spectroscopy spectrum independently. They also investigated the optical properties of SOA derived from typical anthropogenic volatile organic compounds, such as aromatic compounds (Benzene, toluene, ethylbenzene, xylene, BTEX) and long chain alkane. The optical properties of SOA produced by photooxidation of limonene, a representative of biological volatile organic compounds (BVOCs), was studied as well. The optical properties of SOA have been found to be directly affected by the chemical composition of SOA, which need to be improved in the atmospheric model .
The water contents of aerosols mainly depend on their chemical composition and mixing state at a specific relative humidity, and a large number of studies at home and abroad have shown that the organic composition has an important influence on the hygroscopicity of the inorganic salt. The field observations of aerosol hygroscopic growth character- Table 2 The self-constructed and application of smog chamber in China
Affiliation
Time Volume and material Configuration RCEES, CAS (Wu et al., 2001) 2001 100 L, Teflon GC AIOFM, CAS (Nie et al., 2002) 2002 23 L, quartz glass MS Tsinghua University (Ren et al., 2005) RCEES, CAS 2015 9 m 3 Teflon HR-TOF-PTRMS, DMA, HR-TOF-AMS, SMPS, O 3 /NO x /CO/NH 3 /SO 2 istics from Chinese Academy of Meteorological Sciences show that the sea salt aerosol has the strongest hygroscopicity, which is weakened with the influence of human activity increasement. Urban aerosols have the second strongest hygroscopicity while biomass burning aerosols have the weakest one . The team from Peking University used the self-built hygroscopicity tandem differential mobility analyzer (HTDMA) to measure the hygroscopicity of particulate matter. It is found that the hygroscopicity of atmospheric particulate matter in different environments and seasons are different, while particle size distribution and state distribution of the particulate matter vary widely . The team from Institute of Chemistry, Chinese Academy of Sciences also study the hygroscopic properties of a series of organic and inorganic aerosols by using self-built HTDMA. It is found that the change of chemical composition has an important influence on the hygroscopicity and phase of the aerosol. In this case, the impact of hygroscopicity of different type of organic aerosols need to be taken into account in current models .
Atmospheric environment
In the past 20 years, Chinese researchers have made some outstanding research achievements in atmospheric environment as follows:
(1) The self-developed atmospheric environment models developed rapidly.
In the 21st century, Chinese scientists focused on the development of atmospheric environment models suitable for China. Several third-generation air quality model systems were developed to simulate the atmospheric physical and chemical processes on different spatial scales (Table 3) , such as the Nested Air Quality Prediction Model (NAQPM) and the Global Environmental Atmospheric Transport Model (GEATM) (Luo and Wang, 2006) developed by the Institute of Atmospheric Physics (IAP) of the Chinese Academy of Sciences, the CMA Unified Atmospheric Chemistry Environment Model System (CUACE) developed by Chinese Academy of Meteorological Sciences and the Regional Atmospheric Environment Model System (RegAEMS) developed by Nanjing University . With the deep research, the developed technology and the wide application, these selfdeveloped air quality models have been continuously updated and improved. A multi-model forecasting system has been gradually constructed, along with the development of some advanced technologies such as source apportionment, ensemble forecast, chemical data assimilation etc., which has been successfully applied in the 2008 Beijing Olympic Games, the 2010 Shanghai World Expo, the 2014 Nanjing Youth Olympic Games, the 2014 Beijing APEC Summit, the 2015 Beijing Anti-Japanese War Victory Day Parade, the 2016 Hangzhou G20 Summit and the 2018 Qingdao SCO summit.
During this period, the trend for the development of atmospheric environment numerical simulations was to couple the regional/global climate models with atmospheric chemical models. Important progresses were made in the development of air pollution-climate coupled models in China (Table 4 ). The IAP of Chinese academy of sciences developed the online regional climate-chemical coupling model system (RIEMS-Chem) (Li and Han, 2016) , Nanjing University developed the regional climate-chemical modeling system (RegCCMS) , and China Meteorological Administration developed the global aerosol/ atmospheric chemical-climate coupling model (BCC_AGCM2.0_CUACE/Aero) (Wang Z L et al., 2014; Zhang H et al., 2012) . These models play an important role in understanding the interactions between air pollution, climate and monsoon.
(2) The study of air pollution is tightly combined with the study of climate, ecology and health effects. Studies on the climatic effects of aerosols became the frontier and hot topics of climate change studies in 2000-2018. Based on the analysis of the relationship between aerosol extinction coefficient and atmospheric visibility, sunshine duration, surface temperature and precipitation, a conclusion was made that the climatic effects of aerosols reduced the surface temperature and precipitation. Based on observational data, under the conditions of global warming, cold pool featured by a decline in the daily maximum temperature appeared in central-eastern China in summer. The distribution of cold pool agreed well with that of aerosol optical depth and radiation forcing, and so that the formation of cold pool was believed to be related to the climatic effects of aerosols. The rapid development of atmospheric chemistry modules in climate models made it possible to simulate all the main aerosol components in the atmosphere, and to estimate the direct and indirect radiation forcing of aerosols and their impacts on surface temperature and East Asia monsoon . The climatic effects of aerosols resulted in a reduction of temperature in East Asia, and effectively suppresses the greenhouse effects of GHGs. Particularly during the heavily polluted periods, aerosols led to a decline of local air temperature by more than 2°C. Systematic results have been obtained about the impact of climate change on air quality on seasonal, inter-annual, and decadal timescales through changes in multi-scale physical processes.
Since the 21st century, the ecological effects of air pollutants have mainly focused on the impact of increasing ground-level O 3 concentration and N deposition. Through field investigation, scholars found that the current atmospheric O 3 concentration has caused typical leaf injury symptoms of dozens of plants in Beijing and its surrounding areas (Feng et al., 2014) . In most areas of China, the atmospheric O 3 concentration has exceeded the critical threshold (40 nmol mol −1 ) for sensitive plants or the threshold criteria for forest protection set by the European Union . A dose-response model between photosynthetic physiology, BVOCs emission, biomass and relative yield of typical plants (dominant forest species, common greening tree species and main crops) was established Feng et al., 2018b; Hu et al., 2015; Shang et al., 2017; Yuan et al., 2017) for regional risk assessment of O 3 . The results showed that O 3 pollution in China has resulted in a significant reduction in the yield of rice, wheat, soybean, potato, maize, rapeseed, spinach and green vegetables and the biomass of tropical, subtropical and temperate tree species in China (Feng et al., 2018a; . The yield loss of major crops in the North of China is more than 15% (Feng et al., 2018b; Jiang et al., 2018) , and that of wheat and rice in the Yangtze River Delta ranges from 10% to 40% . All in all, the results from model simulation are in good agreement with those of many experiments, suggesting that O 3 pollution has significant negative effects on natural ecosystems at different scales.
The research of impact of N deposition in China is mainly concentrated in subtropical forest ecosystems. N is an essential nutrient element for plant growth. In a certain range of thresholds, N input promotes plant photosynthesis, increases plant height and basal stem, which is conducive to the accumulation of ecosystem productivity and carbon storage. However, excessive N deposition can cause soil acidification, reduce soil microbial diversity, cause plant nutritional It is coupled with multi-scale two-way nesting, source apportionment, data assimilation, process analysis, meteorological-chemical two-way feedback and other advanced technologies to achieve efficient, stable and accurate simulation prediction of regional-urban scale air pollution Air quality forecasting and air quality assurance of major activities in many provinces and cities in China GEATM Institute of Atmospheric Physics of the Chinese Academy of Sciences
The global model takes sulfuric acid, black carbon (BC), dust aerosol, sulfur dioxide (SO 2 ) and other atmospheric components as the main research objects. The dynamic frame is a three-dimensional atmospheric chemical transport equation under the spherical coordinates followed by terrain, and the main chemical process is subjected to parametric calculation
The numerical simulation of the distribution and transport situation of various chemical substances in the atmosphere. It simulates the global concentration distribution of SO 2 , sulfate, BC and dust
CUACE
Chinese Academy of Meteorological Sciences
The modules such as emission, gaseous chemistry, aerosol and data assimilation are included. Dust and long-wave radiation schemes are added to simulate the aerosol radiation effects. Three-dimensional variational assimilation and aerosol radiation feedback schemes are also added, greatly improving the simulation accuracy of the dust concentration, temperature, pressure and wind speed
Established with the China Haze-fog Numerical Forecast System (CUACE/Haze-fog), which provides PM 10 , PM 2.5 , 7 kinds of aerosol components, O 3 , visibility and other numerical forecast products, it was applied in the 2008 Olympic Games and the 2009 National Day military parade. The online chemical weather forecasting system (GRAPES-CUACE) and the Asian Sandstorm Numerical Forecasting System are also available
RegAEMS Nanjing University
It was first developed from the 1994 NJUADMS acid rain model to calculate the concentration SO 2 , NO x , sulfate and acid deposition. In 2000, the chemical process was simplified, and the liquid chemistry and wet removal processes were parameterized. After 2008, the modules of secondary aerosol, dust and sea salt aerosols, mercury chemistry and source apportionment were coupled, and the interfaces with meteorological models such as MM5 and WRF was added It was successfully applied in the 2014 Nanjing Youth Olympic Games, the 2016 G20 Summit, the 2018 Qingdao SCO Summit, and the 2019 Qingdao Navy Festival. In addition, the RegAEMS-CMB method of particle source apportionment based on numerical model and receptor model provides a scientific basis for reasonable control of particulate matter 
Examples of application
RegCCMS
It is developed by coupling the regional climate model RegCM3 and tropospheric atmospheric chemistry model TACM. It can simulate anthropogenic and natural aerosols in east Asia, and the spatial and temporal distributions of ozone and its precursors. It can be used to evaluate the influence of main aerosols in China to radiation, cloud, temperature, precipitation and circulation in east Asia
BCC_AGCM2.0_CUACE/Aero
It is developed by the online coupling of BCC_AGCM atmospheric circulation model with CUACE/Aero aerosol/ atmospheric chemistry model. This one is the only model of China that participates in AeroCom. The results obtained by using this model, such as global anthropogenic aerosol direct radiation forcing, black carbon aerosol vertical profile and snow cover effect, were cited in the fifth assessment report of IPCC
RIEMS-Chem
It describes the physical and chemical processes of anthropogenic and natural aerosols in the atmosphere, as well as the feedbacks between aerosols and radiation. This model performed well in studying the spatio-temporal evolution of aerosols and their effects on radiation and climate in east Asia imbalance, change the absorption of nutrient elements in leaves, reduce the resistance against adverse environmental stress, inhibit plant growth, and ultimately alter the species composition and structural functions of ecosystems (Li et al., 2003; Duan et al., 2019) . Ecological response to N deposition in ecosystems is generally related to vegetation types, initial nitrogen status (nitrogen limitation or nitrogen saturation), soil characteristics, succession stages and ecosystem management Jones et al., 2014) .
Since the 21st country, accompanied by the enactment of "Ambient Air Quality Standards (GB3095-1996)" and its amendments (Huanfa [2012] No. 1), and "Ambient Air Quality Standards (GB3095-2012)", an increasing number of epidemiological studies were performed to evaluate the health effects of particles with a larger health impacts, such as inhalable particles (PM 10 ), fine particulate matter (PM 2.5 ) and secondary pollutants like ozone. Main findings from these studies are as follows: First, the exposure-response curves for the associations of short-term exposure to air pollutants with daily mortality and daily hospitalizations in China were basically obtained from multi-city time-series studies conducted by Fudan University, Peking University and China Center for Disease Control and Prevention Tian et al., 2018) . Second, a variety of panel studies have been conducted based on individual exposure monitoring to explore the acute effects of short-term exposure to air pollutants in China (Huang et al., 2012; Niu et al., 2018) . Third, with the development of satellite remote sensing retrievals, land use regression, and other high-resolution exposure assessment models, several cohort studies have been applied in China to evaluate the health effects of long-term exposure to air pollutants. These studies have preliminarily established exposure-response relationships of long-term exposure to air pollution with population mortality and morbidity Huang K Y et al., 2019) .
(3) Important progress has been made in scientific researches on air pollution control. Since the 21st century, in order to tackle the increasing demands for air quality management, Chinese scholars have gradually established China's air quality management decision support technology system by analyzing sources of air pollutions and studying air pollution control policies.
Identifying sources of air pollution is the basis for decision-making in air quality management. In the air quality management decision support technology system, emission inventory of air pollutants is the basis for identifying the source of pollutions, and is also an important basis for formulating air pollution control strategies. In the past two decades, Chinese scholars have established a multi-scale dynamic emission inventory compilation technology system suitable for China's local situations with complex sources of air pollutants, compiled emission inventories at national and regional scales, and promoted the operational compilation of emission inventory Zhang Q et al., 2009a) . Evaluation and inversion of emission inventory based on satellite remote sensing and ground observations were also studied (Wang et al., 2011a; . Air pollution source-receptor relationship assessment technology is an important technology to support accurate decisionmaking in air quality management. Chinese scholars combined observations and numerical simulations to assess the regional and sectoral sources of pollutants nationally and over key regions, quantified the contribution of precursor emissions to ambient concentrations, and built a source-receptor relationship assessment technology system based on the source-receptor response model, which provides theoretical support for decision-making in air pollution control (Wang et al., 2011b; Zhang R et al., 2013) .
Studies on air pollution control policy, based on the scientific understanding of the source of air pollution, use observations and numerical simulations as tools to evaluate the effects of control policy, which assist decision-making process and is an important part of air quality management decision support technology system. In the past 20 years, Chinese scholars have established an effectiveness evaluation technology system for air pollution control policy, which effectively supports decision-making in China's comprehensive air pollution control and in air quality protection for short term events. Chinese scholars have evaluated the impact of air pollution control policies on national and regional scales from multiple perspectives. Analysis pointed out that PM 2.5 pollution control has achieved promising results in recent years, but attention should be paid to the deteriorated O 3 air quality . Assessment of measures applied to specific sectors also confirmed the effectiveness of relevant policies Shen et al., 2019; Tao et al., 2018) . Policy recommendations for future air quality improvement were then provided by summarizing effectiveness and shortcomings of the implemented policies, and by evaluating possible benefits of potential emission reduction measures based on current characteristics of air pollutant emissions in China . These studies promoted the formulation, improvement, and implementation of comprehensive air pollution control policies in China such as the Air Pollution Prevention and Control Action Plan and the Three-Year Action Plan for Winning the Blue Sky War. Based on extensive studies, Chinese scholars have also made casespecific proposals (i.e., joint prevention and control of regional air pollution complex) for air quality protection during short-term events such as the Beijing Olympic Games, which achieved good results . In addition, an international research team with Chinese scientists as the core developed the Air Benefit and Cost and Attainment Assessment System (ABaCAS), which mainly focuses on the air pollution control cost-benefit analysis. ABaCAS provides modules for cost analysis, source-receptor response estimates, and evaluation of environmental health impacts, which provides a comprehensive assessment tool for decision-making in air pollution management (Wang et al., 2011b) .
In addition to a series of studies on air pollution control in China, in recent years, Chinese scientists have also extended their focuses to global air pollution control: advanced the understanding of pollution characteristics of global power sector ; analyzed the impact of international trade on regional air pollution transfer (Lin et al., 2014 (Lin et al., , 2016 . As air pollution and climate change share the same sources, coordinated control of air pollution and climate change has also received wide attention. Chinese scholars have started to estimate the air quality benefits of China's climate policies .
Atmospheric sounding and remote sensing
The outstanding research results of atmospheric sounding and atmospheric remote sensing in China in the past 20 years are as follows:
(1) Cloud and weather phenomena can be basically observed automatically. Ceilometer technology , visible imager technology (Huo and Lu, 2012) and infrared cloud measurement technology have been developed, all of which can observe the cloud cover, cloud base height and some cloud types during day and night automatically Gan et al., 2017) . The successful development of present weather sensor based on forward scattering, laser disdrometer and particle imaging velocimetry has promoted the automatic identification of precipitation. At present, it can basically distinguish precipitation such as rain, drizzle, snow and hail . In the above work, the cloud measurement technology based on uncooled infrared focal plane array and the precipitation microphysical characteristics measurement technology based on particle imaging velocimetry are cited by the WMO Guide to Meteorological Instruments and Methods of Observation, and it's the first time that Chinese meteorological observation methods are cited by this Guide.
(2) The localization level of upper-air electronic radiosonde has been improved continuously. In 2001, China officially started the operation of L-band wind radar-electronic upper-air radiosonde system , which replaced the traditional mechanical radiosonde. At the same time, the development of upper-air radiosonde based on navigation wind measurement technology has been carried out. With the development of Beidou navigation satellite system in China, a multi-type Beidou radiosonde (Guo et al., 2018; Zhao et al., 2012) has been developed successfully. The 2010 Yangjiang International Sounding Comparison Test shows that the overall technology of the radiosonde developed by our country has reached the world advanced level, which is higher than the GPS upper-air sounding systems of Japan, Korea and South Africa, and is superior to the RS92 radiosonde of Finland in wind measurement and positioning (Li, 2011) .
(3) A detection system that combines atmospheric electric field monitoring, cloud-to-ground lightning location, and the lighnting physical processes observation has been established. At present, China's independently developed cloudto-ground lightning location network is basically completed (Qie, 2012) , and in addtion, the Lightning Mapping Imager onboard China's FY-4 satellite has been put into operation ; they are serving for the monitoring of national lightning activity. The three-dimensional lightning detection systems based on very-high-frequency/very-lowfrquency time-difference techniques and very-high-frequency interferometers are being in operation Shi et al., 2017) , providing advanced methods for the three-dimensional total lightning (cloud-to-ground and intracloud lightning) activity in key areas. Several field experiments bases focusing on lightning research have been established Qie et al., 2012; . The optical detection methods including highspeed cameras (Lu W et al., 2013) , high-speed phototube array detection , and lightning spectrum detection (Yuan et al., 2004b) have been developed. The detection and measurement methods for lightning electric and magnetic fields have also been established (Qiu et al., 2011; Lu et al., 2014) . Thanks to the progress of highspeed and large-capacity data acquisition technology, some new methods helping to realize the high-precision three-dimensional lightning location have been developed, such as sliding-window continuous location, time-reversal location and empirical mode decomposition Fan et al., 2018) . They provide effective means for locating weak or multiple simultaneous radiation sources. In addition, time reversal positioning technology were proposed, providing an effective approach for fine lightning location of weak radiators and multiple radiators simultaneously.
(4) The autonomous ability of ground-based remote sensing of atmospheric profile is continuously improved. At present, the types of atmospheric profiles for ground-based remote sensing in China have expanded from traditional temperature and humidity to cloud, aerosol and gas composition, especially in the field of Lidar and microwave radiometer. Several institutes have developed a series of algorithms and equipments, such as Mie scattering lidar (Yan et al., 2013; Zhong et al., 2003) , Raman lidar Shang and Xie, 2016) , Doppler wind lidar (Liu, 2015; Sun D et al., 2006) , and so on, which have contribute to the independent research and development of lidar. In addition, the successfully developed multi-channel microwave radiometer (Sun D et al., 2006) , is up to the level of similar instruments abroad. In 2018, the "multi-band and multiwavelength active and passive detection system for atmospheric components" developed by Lu was successfully deployed in Yangbajing valley of Tibetan, at an altitude of 4300 meters ASL, and the continuous observation of multielements from the surface to 110 kilometers was achieved . In recent years, China has launched the mega-city experiment . Through the construction of an enhanced observation network based on ground-based remote sensing observation, the atmospheric boundary layer aerosol, whole atmospheric profile and vertical structure of high-level clouds can be obtained, which further promotes the ground based remote sensing of atmospheric profile in China.
Meteorological radar observations
In the past 20 years, outstanding achievements of meteorological radar observations in China are as follows:
(1) China has built one of the largest and most advanced weather radar networks, which is able to monitor large, medium and small-scale severe weather (Jin et al., 2011) . At present, China has formed a local warning weather radar network supplemented by a national backbone network composed of new-generation S-band and C-band weather radars and conventional digital weather radars. In recent years, the weather radar has been upgraded to dual-line polarization radar. Many research institutes and manufacturing companies have developed S, C and X-band dual-polarization Doppler weather radars, and provided them to many domestic and foreign user. In addition, the application of phased array technology in weather radar has also developed rapidly. Since 2005, S-band and X-band phased array weather radars have been successfully developed in China, which provide an effective way to monitor the fast changing meso-and small-scale weather processes, such as hail, tornado, micro-downburst, wind shear, and etc. Zhang and Liu, 2011) .
(2) A breakthrough has been made in the airborne weather radar for cloud and rain detection. The National 863 Program "Cloud and Rain Detection System of Airborne Weather Radar", jointly undertaken by the Meteorological Detection Center of China Meteorological Administration, the 14th and the 38th Research Institute of China Electronic Science and Technology Group, has developed the airborne weather radar successfully. In addition, the scanning mode, flight path, radar data quality control and meteorological product generation algorithm of airborne radar for different clouds and rains are also researched. The radar echo data are obtained through flight experiments, which can better reflect the actual cloud .
(3) The development of application software of weather radar with independent intellectual property rights in China has been realized. The original software of the new generation weather radar in China is based on the foreign technology and lacks its own products for the characteristics of severe weather in China. To the late 2012, the Meteorological Detection Center of China Meteorological Administration proposed the development of ROSE (Radar Operational Software Engineering), a software product generation subsystem with independent intellectual property rights, in order to give full play to the benefits of the new generation of weather radar network and further promote the application of weather radar data in weather forecasting and meteorological services. In addition, China Meteorological Administration has developed SWAN (Severe Weather Auto Nowcasting), a short-term proximity forecasting platform based on weather radar data. The system provides six categories of products: live data, radar data, radar mosaic products, radar characteristic data, algorithm products, algorithm checking products and alarm data. Based on this shared platform, it is easy to localize various short-term nowcasting methods and improve the short-term prediction.
(4) Innovations have been made in weather radar theory, data processing and application. The radar meteorological equations of small ellipsoidal raindrops with different orientation of rotation axis and different polarization waves are deduced ; and the radar meteorological equations for the detection of small ellipsoidal particles by bistatic/multi-static polarization weather radar are proposed . In addition, the retrieval of wind field by doppler radar is systematically researched. It has been proved that the vortex-divergence method, the improved VVP method and the VAP method are suitable for the threedimensional wind field inversion. The MUSCAT method and variational method (Zhou and Zhang, 2002; Liu et al., 2005) are developed to retrieve the three-dimensional wind field by dual doppler radar, which improves the accuracy of the wind field. The characteristics of severe convective precipitation are analyzed systematically by using weather radar data Wen et al., 2017) . Besides, the automatic identification and early warning of forest fire has been studied in depth by using weather radar network data .
Meteorological satellite remote sensing
In the past 20 years, the outstanding research achievements of China's meteorological satellite are as follows:
(1) Fengyun series have transitioned from "trial applica-tion" to "business service". China has independently developed the polar orbit and geostationary meteorological satellites of Fengyun series, becoming one of the few countries and regions in the world with two series of operational meteorological satellites (polar orbit and geostationary) (Xu et al., 2010) . By 2018, China has successfully launched 17 meteorological satellites of Fengyun series (including 8 polar-orbiting meteorological satellites and 9 geostationary meteorological satellites). The polar-orbiting meteorological satellite constituted the "the business network observation of morning and afternoon polar constellation", and the geostationary meteorological satellite achieved the business layout of "Multi-satellite observation, on-orbit backup and timely observation". In 2016, China's new generation of geostationary orbit meteorological satellite (Fengyun 4A, FY-4A) was successfully launched, and its detection capability has met the international standard Dong, 2016) . Among them, the world's first interferometric atmospheric vertical detector, which geostationary orbit meteorological satellite, can be used to achieve high-precision quantitative detection of atmospheric . At present, Fengyun series meteorological satellites have been widely used in numerical weather forecasting, climate analysis, environmental protection, agriculture and the field of major service guarantee, disaster prevention and mitigation, providing high-quality meteorological services to countries along the world, especially along the "Belt and Road".
(2) In terms of instrument development and observation capabilities, China has developed five categories (thirtythree model) passive remote sensing instrument, such as optical imager, atmospheric detector, microwave imager, high-spectrum trace gas detector, and full-band Earth energy budget measuring instrument for the Fengyun series of meteorological satellites. China's meteorological satellites have transformed from two-dimensional remote sensing imaging to three-dimensional integrated atmospheric detection, from single optical detection to full-spectrum widespectrum detection, from kilometer-level observation to 100-meter observation. The newly launched FY-3D (Fengyun 3D, FY-3D) satellite and FY-4A satellite have the same observation capability as the satellites in Europe and America. In particular, the interferometric infrared atmospheric detector GIIRS is the only one in the world that performs hyperspectral atmospheric vertical detection in geostationary orbit Zhang P et al., 2019b) .
(3) In terms of layout and data reception of the ground satellite station network. In order to achieve the goal of the observation data of Fengyun satellite anywhere in the world can be received, transmitted, processed and served in 2 h, The National Satellite Meteorological Center had built the original data processing center (Beijing) and three domestic ground stations (Beijing, Guangzhou and Urumqi), built and put into use the Swedish Kiruna Arctic receiving station in 2010, rented and put into use Norwegian Troll Antarctic receiving station in 2018. These years of work have achieved leap-forward development from the domestic networking reception to the global networking reception.
(4) In terms of data processing and core applications. The positioning and calibration technology of satellite data has also made great progress (Xu et al., 2014) , such as the precise orbit calculation and instrument pointing make positioning accuracy better than one pixel in any region of the world, the accuracy of radiometric calibration of Fengyun satellite remote sensing instrument can be treated as 5% in near-infrared, 0.4 K in infrared, and 0.8 K in microwave. The Chinese remote sensing radiation correction field, global pseudo-invariant calibration field, deep convective cirrus, moon and other natural brightness stabilization targets can effectively solve the nonlinear effects of on-orbit remote sensing instruments. The comprehensive assimilation enters the numerical weather prediction model in China and Europe Liao et al., 2019) .
(5) In terms of data services. Fengyun satellite has seven on-orbit operations to provide services. Fengyun satellite has become an international brand of China earth observation satellite with its open data policy and stable and excellent data quality. In China, Fengyun Satellite provides more than 100 satellite data and products to more than 2500 users. Internationally, Fengyun Satellite has been incorporated into the Global Service Applied Meteorological Satellite Sequence by the World Meteorological Organization, and is also a duty satellite under the International Charter of Space and Major Disasters, serving 93 countries and regions. Fengyun Satellite provides data services in many ways, such as user direct reception, CMACast broadcasting and forwarding, portal registration and downloading, manual customization and other data services. Scientific users can access online (http://satellite.nsmc.org.cn/portalsite/default. aspx) and download data.
The key directions and suggestions for future development
Looking forward to the future, human society will experience a new technology revolution. A new leap in computer, information, artificial intelligence and materials will provide new experimental techniques and research conditions for the development of atmospheric physics and atmospheric environment. Additionally, our country will face higher demand in the forecasting of disastrous weather, the response to climate change, and the control of air pollution. This will certainly promote the development of atmospheric physics and atmospheric environment.
Atmospheric physics
The following areas should be considered when conducting research on ABL physics in the future: fundamental theories, experimental observations, and high-resolution numerical simulations. (1) Global warming and environmental changes involve each sphere of the Earth. The ABL is at the junction of various spheres. Focus should be placed on hydrothermal, energy, and matter exchange and transport at a series of landatmosphere, sea-atmosphere, ABL-free atmosphere interfaces, including basic turbulent structures, multi-scale turbulent structures and motion patterns, ABL parameterization, and high-resolution LSP models. (2) Atmospheric motions have multi-scale four-dimensional temporal and spatial attributes. It is necessary to deepen the understanding of the interactions and interrelations between the scale of turbulent motions and the mesoscale and submesoscale in the ABL as well as between turbulent motion and dissipation scales in the ABL. (3) Experimental observations and theoretical analysis should be strengthened to determine the characteristic parameters of the ABL and the vertical profile pattern in the ABL and, particularly, accurately describe and determine the height of the ABL. (4) It is necessary to focus on turbulent transport patterns and the physical characteristics of the ABL over complex land surfaces. (5) Remote sensing technology should be applied in physical research on the ABL. (6) It is necessary to keep up with the atmospheric environmental demand and examine the 3D physical and chemical structures of atmospheric pollution processes to improve air quality forecasting.
In cloud physics, we should focus on both theory and application in the future. It is need to deeply examine basic problems in cloud physics, such as the mystery of warm cloud precipitation, the formation of ice crystals of different shapes, etc., to guide the weather modification; it is also desired to develop cloud physical parameterization schemes, and apply them to weather and climate models. In terms of research methods, cloud chamber experiments, high-resolution direct numerical simulations, large eddy simulations, cloud-resolving simulations, and integrated ground-air-space observations will all promote the theoretical and applied research of cloud physics.
With the rapid development of Chinese satellite remote sensing and data assimilation, it is urgent to have more accurate and efficient forward radiative transfer models, particularly designed for Chinese satellites. Meanwhile, with higher requirements on the accuracy of weather and climate models, more accurate and reasonable representations of radiative transfer processes in those models are always a fundamental task for atmospheric radiation studies. On the other hand, the fundamental observational studies should be enhanced, e.g., on the hyperspectral solar radiation, gas absorption spectra, and aerosol and cloud optical properties, etc.
The mechanism of the initiation of lightning flash is still one of the most important research directions in atmospheric electricity. High spatial and temporal resolution detection techniques will serve to reveal the mechanisms and physical processes involved in the initiation of lightning. Particularly, it has recently been found that the occurrence of Terrestrial gamma-ray flashes (TGFs) is related to the initiation of lightning, and therefore, the research in this area may receive more attention. The correlation between the lightning discharge process and the dynamic and microphysical processes in thunderstorms is another research direction that needs to be further reinforced. The multi-parameter radar and satellite can be used to obtain more detailed information on dynamic and microphysical processes in thunderstorms. Meanwhile, high spatial and temporal resolution three-dimensional lightning detection systems can present the information on the extent scale of lightning channels and discharge parameters. The comprehensive application of these new technologies is expected to promote the revelation and understanding of the physical mechanisms of thundercloud electrification and discharge. The influence of aerosols on thunderstorm and lightning activity is also need to be concerned. Aerosol concentration and size affect the microphysical and dynamical processes of thunderstorms, and further impact the electricity processes of thunderstorms. The impact mechanisms need more observation-and modelbased studies in the future. The method and technology of lightning warning and forecasting is in urgently needed by the meteorological service. It may be an important direction to combine the real-time observation data with mesoscale numerical model, and introduce the machine learning technology into this field, in order to improve the level of lightning warning and forecasting. Most NO x in the stratosphere is produced by lightning flashes and the strong updrafts in thunderstorm can transport water vapor and ice crystals to the tropopause or even the lower stratosphere; They may have strong feedbacks on climate. However, there is a lack of quantitative assessments of these impacts and their relationship with lightning flashes and thunderstorm characteristics.
Atmospheric environment and atmospheric chemistry
In the future, in atmospheric chemistry, with the innovation and development of free radical detection technology, it is necessary to conduct closed observation studies on related atmospheric species to clarify the mechanisms of free radicals and their roles in the atmospheric circulation. It is necessary to develop and improve the measurement of the key precursors of the new particle formation, the intermediate clusters, and when particle diameters less than 30 nm, the chemical composition of the particles and their physicochemical parameters such as moisture absorption and volatility is necessary. At the same time, it is urgent to carry out observations in different regions, evaluate the key nucleation mechanisms of particles under different conditions, and obtain a universal parameterization scheme to further promote the development of the model and evaluate the impact of the nucleation process on regional pollution and global climate. The accurate measurement of the pH and water content of aerosols still faces great difficulties. How to better combine external field observations, laboratory simulations and models is also challenging. It is also necessary to establish a comprehensive monitoring network, including atmospheric physics, chemical composition, physical and chemical properties, atmospheric visibility and atmospheric radiation forcing, in order to study the long-term properties of aerosol particles, and to carry out comprehensive studies combined with three-dimensional ground observation, laboratory simulation and model simulation.
In atmospheric environment, atmospheric environment models need to be constantly improved in the future, expect to have the ability to describe multi-species, multi-sources, multi-processes, multi-medium and multi-scales. New techniques such as emission inversion, data assimilation, ensemble prediction and model revision need to be further developed, so as to improve the simulation and forecasting performance, as well as play a great role in important events, weather and climate studies. Besides, the atmospheric environmental models are increasingly related to meteorological or climatic models, and will continue to integrate with earth system models. This model will take ocean, atmosphere, land surface and ice circles as the research subject, considering the influence of atmospheric chemistry, biological geochemistry and human process on the earth's climate system. It will be widely used in global air quality forecasting, climate and environment evolution mechanism, natural and human interaction with climate change and climate change research and prediction.
With respect to the climatic effect of air pollutants, future observational and modeling studies should emphasize aerosol size and mixing state as well as aerosol-cloud interactions. In addition, terrestrial ecosystems, by influencing biological, physical and chemical processes, play important roles in air quality an climate. Future modeling studies on air quality and climate also require the coupling with socioeconomic models, to assess the effectiveness of polices on atmospheric environment, climate and ecosystems, and to provide fundamental science to support the control of air pollutants and the mitigation of global warming.
Ecological effects of atmospheric pollutants at multi-scale and factor with combination of coupled model will be the hotspot in the future research in this field. Moreover, ecosystem should be considered as the basic unit for investiga-tion of regional ecological effects, which links airvegetation-soil and facilitates the studies of spatial heterogeneity and cross-region transportation of pollutants. Beside, such study should also emphasize both the external processes (structural and functional changes caused by air pollution) and internal mechanisms of ecosystems (the driving force and law of ecosystem change). In addition, multi-isotope tracer technology provides a scientific and feasible approach for assessing the ecological impact of air pollution and optimizing the process-based ecosystem model. Such approach should be used to analyze the migration and transportation of air pollutants from atmosphere to ecosystem (plant-soil). More importantly, long-term observation and network experiments should be further strengthened. We should build observational network by establishing more air monitoring stations to reveal the effects of air pollution on ecosystem processes, structures and functions in different regions, which facilitates multi-channel and multi-process simulation analysis of land surface processes in ecosystems and reduces the uncertainty in predicting ecological effects from coupled, global terrestrial model.
In terms of the health effects of air pollutants, the following four aspects should be considered in the further studies: (1) focusing on the underlying mechanisms of the associations of air pollution with adverse health outcomes, and the whole process of air pollution affecting human health, to propose the corresponding key pathogenic pathways, and to screen for the potential biomarkers reflecting early health effects; (2) focusing on the physicochemical characteristics of air pollution, to perform epidemiological studies regarding multiple components and particle sizes of particulate matters, and to identify the constituents and specific sizes that are most responsible for adverse effects of particulate matters; (3) focusing on chronic effects of longterm exposure to air pollution, to conduct prospective cohort studies with national representativeness and coverage of the general population; (4) to strengthen the policy transformation of scientific researches and provide local evidence for further revision of "Ambient Air Quality Standards" in China.
In terms of air pollution control, future research needs to support the coordinated control of PM 2.5 and O 3 pollution, and coordinated control of air pollution and climate change. Future studies should focus on building a high-accuracy near-real-time emission inventory technology system that covers all air pollutants, with the capability of near-real-time dynamically characterizing and independently evaluating emissions of all air pollutants with ultra-high spatial-temporal accuracy. This technology system will provide systematic, accurate, and dynamic air pollutants emission inventory for multi-objective environmental management. By breaking through the multi-objective joint control decision-making technology for air pollution complex and co-ordinated control technology for air pollution and climate change, future studies will finally establish a comprehensive multi-objective multi-pollutant coordinated prevention and control decision support technology system.
Atmospheric sounding and remote sensing
There are several key areas that need to be systematically strengthened in the future. (1) Interactive observation systems which can closely be coupled with numerical models and theoretical research need to be developed. Nowadays, atmospheric sounding technology is developed almost independently with numerical models. In the future, it is necessary to strengthen the combination of atmospheric sounding technology and numerical model. On the one hand, observation provides initial or boundary conditions for the model, on the other hand, the model also provides guidance for observation and technology development. For example, the model can guide to the encrypt or supplement observation in the sensitive or target area appropriately. It is necessary to develop the simulator of numerical atmospheric sounding and remote sensing, which is indispensable for the research on the coupling of atmospheric sounding and prediction model, and it has important application in the development and improvement of observation instrument. It is beneficial to the innovation of atmospheric sounding principle and the development of independent instruments in China. (2) Multi platform cooperative observation technology and corresponding observation data fusion processing method should be developed. At present, there are many types of meteorological observation platforms, and various in-situ and remote sensing instruments have been developed in China, but the complementarity and cooperative observation research between them is still in the primary stage. In the future, it is necessary to study the integration, complementarity, collaboration and data fusion processing of different observation platforms and technologies. On the one hand, the cooperative observation and fusion processing is related to the spatial scale. For example, the mesoand small-scale weather systems might be captured and monitored by the cooperation of multiple platforms. On the other hand, different methods have additional information or constraints to each other, so that the observation results are not simply the accumulation of multi-platform data, but integration and complementary. More attention should be paid to the innovation of the data processing methods. It should be pointed out that this collaborative integration should closely cooperate with the service object, which can form a comprehensive measurement system with mutual feedback. (3) The ability of scientific observation and the technical level of high precision measurement for physical process research need to be improved. Although China has some scientific observation capabilities for various physical processes, these instruments are mainly purchased from abroad, and most of the methods are imitation and repetition, which limit the achievement of original results. Atmospheric dynamics, radiation and chemical processes have complex interactions, and there are many state parameters and controlling factors. We should encourage and support the research on the scientific research-oriented observation methods and instruments, and develop high-precision integrated sounding technology of all parameters. (4) Attention should be paid to the development of public participation and amateur measurement methods, such as crowd sourcing meteorology. The individual citizens, social organizations or enterprises can also engage in the meteorological observation activities, and the availability of these data and the methods of integrating them into professional detection networks should be studied, the interconnected data and sharing platforms should be constructed effectively. We should actively explore new techniques, such as big data and artificial intelligence, to process data and extract effective information. By these efforts, a new meteorological information acquisition system with deep integration of public participation and amateur measurement methods with professional measurement network can be formed. (5) The development of large scientific experiments and platforms for atmospheric sounding should be accelerated. Previous studies have shown that the construction of large observation systems and observation experiments have become an important approach to promote the atmospheric science. Some influential scientific experiments have been carried out, and several scientific observation platforms have been established in China. However, there are still great gaps in longterm observation data acquisition and accumulation, observation standardization, open sharing, and independent research and development of scientific equipment. Especially, there is no meteorological aircraft that can support large-scale scientific observation in the air, so it is urgent to build in the future.
For the development of weather radar, we need focus on: (1) the upgradation of the existing operational weather radar, (2) the load of high resolution synthetic aperture radar on satellites and aircraft, (3) Terahertz/submillimeter wave cloud radar for detecting thin clouds at high altitude, (4) the MIMO weather radar for overcoming some inherent drawbacks of phased array radar, (5) high spatial resolution FMCW weather radar for analyzing the microstructures of clouds and rains, (6) the development of weather radar with standardization, modularization and digitization, (7) the improvement of the quality and accuracy of radar data, the filtering interference signals and coherent information in I and Q signals should be studied. For the development of radar meteorology, we should focus on: (1) Further study on the scattering, absorption and attenuation characteristics of large non-spherical particles and charged particles, and related experimental verification; study on coherent scattering and decoherence of multiple particles, and multiple scattering among particles; improve the radar meteorological equation to meet the new type weather radar. (2) It is necessary to further improve the attenuation correction method.
(3) The problems in the quality control of dual-linear polarization physical quantities should be solved. (4) More radar products should be proposed, such as the joint estimation of precipitation intensity by radar echo and raindrop size distribution, the prediction of moving path of severe storm echo, operational application of wind field inversion and tornado recognition. In addition, we also need to focus on the double linear polarization products for rapid diagnosis of typhoon short-term moving path, automatic analysis of radial velocity map for doppler weather radar, and recognition and interpretation of various singular echoes.
According to China Meteorological Satellite and its Application Development Plan (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) (2019) (2020) and National Civil Space Infrastructure Medium and Long-term Development Plan (2015-2025), China will enhance the research and development of meteorological satellites, such as 9 Fengyun meteorological satellites Zhang P et al., 2019a) will be launched. Those satellite will ensure highprecision quantitative meteorological remote sensing capability of Fengyun satellites on a global scale (Figure 2) . At the same time, the third generation of polar orbiting and geostationary meteorological satellites have started the initiation of demonstration work, the observation capability of the third generation Fengyun satellites is expected to be formed around 2030. Compared with the tremendous increase in hardware capabilities, Fengyun Satellite has a large gap with the world's advanced level in terms of quantitative application capabilities, especially in the calculation model of atmospheric radiation transmission for satellite remote sensing, satellite data assimilation applications, historical data reprocessing and satellites, construction of climate data sets and so on. These shortcomings mentioned above are the key tasks that we need to focus on.
